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1.  INTRODUCTION 

Currently  there  is  an  extended  international  effort  to 
inventory  and  monitor  equatorial  vegetation.  Because  of 
persistent  cloud  cover  typical  of  equatorial  regions,  active 
microwave  imagery  such  as  ERS-1  SAR  is  preferred  over 
high-resolution  visible  and  near  infrared  spaceborne  sensors 
for  this  task.  However,  no  active  microwave  instrument 
designed  to  provide  continental  coverage  at  resolutions 
similar  to  the  popular  AVHRR  has  ever  flown  -  neither  are 
any  planned  for  the  future. 

Satellite  scatterometers  are  calibrated  active  microwave 
radar  instruments  originally  designed  to  measure  the  radar 
backscatter  of  the  ocean’s  surface  under  all-weather 
conditions.  The  first  spaceborne  scatterometer  flew  as  part 
of  the  Skylab  missions.  The  European  Space  Agency  (ESA) 
successfully  launched  its  ERS-1  satellite  into  a  quasi-polar 
mission-adjustable  orbit  in  the  summer  of  1991.  The 
instrument  payload  included  the  Active  Microwave 
Instrument  (AMI)  which  is  capable  of  operating  in  a  wind 
scatterometer  mode  (5.3  Ghz)  for  the  production  of  wind 
vector  products. 

The  primary  mission  of  the  ERS-1  scatterometer  is  the 
determination  of  ocean  surface  wind  direction  and  velocity. 
This  is  not  surprising,  because  most  land  imaging 
applications  require  spatial  resolutions  finer  than  its  50  km 
footprint  appropriate  for  large  ocean  expanses.  However, 
an  image  reconstruction  technique  developed  [1]  has 
improved  the  AMI  scatterometer  resolution  to  14  km, 
making  it  a  candidate  for  coarse  monitoring  of  cloudy 
global  areas  such  as  the  Arctic,  Antarctic,  and  continental 
equatorial  forests. 

The  goal  of  the  research  reported  in  this  paper  is  to 
evaluate  reconstructed  ERS-1  scatterometry  for 
discriminating  between  vegetation  classes  of  continental 
Africa. 

11.  METHODOLOGY 

One  of  the  first  examinations  of  ERS-1  scatterometry 
over  land  was  reported  by  Mogin  et  al  [2].  As  described  in 
that  paper  among  many  others,  the  ERS-1  scatterometer  is  a 


C-band  instrument  consisting  of  three  antennae,  one 
pointing  45®  forward,  another  pointing  45®  aft,  and  one 
pointing  normal  to  the  flight  path.  The  4.8  kW  instrument 
with  W  polarization,  orbiting  at  approximately  785  km, 
has  a  swath  width  of  500  km,  incident  angle  ranges  between 
18®  and  59®,  and  produces  imagery  with  a  spatial  resolution 
of  50  km. 

Reconstruction  of  scatterometry  to  higher  resolutions  by 
using  multiple  satellite  passes  is  described  at  length 
elsewhere  [1].  Originally  developed  for  Seasat-A 
scatterometer  data  (SASS),  reconstruction  of  ERS-1  data 
does  not  produce  equally  high  resolution.  Summarizing, 
the  SASS  cell  on  the  earth  has  an  irregular  hexagon  shape 
with  well  defined  geographic  coordinates  for  each  vertex. 
The  generous  overlapping  of  these  hexagonal  cells  of 
different  sizes  at  a  variety  of  incidence  angles  allows  for 
high  sampling  rates  in  the  reconstruction.  The  result  is 
reconstructed  imagery  with  a  cell  resolution  between  5  and 
10  km. 

In  contrast,  the  tapered  circular  footprint  of  the  ERS-1 
scatterometer  cell,  with  its  co^  rolloff  function  provides 
insufficient  definitive  locational  information  for  the  same 
high-rate  of  sampling  (with  confidence),  resulting  in  a 
lower  resolution  image  (20  km).  The  reduced  number  of 
measurements  produced  by  the  single-sided  operation 
further  contributes  to  the  problem. 

The  ERS-1  data  used  in  the  reconstruction  for  this 
research  was  acquired  between  April,  1992  and  May,  1995 
and  covered  3  seasons.  Twelve  monthly  average  backscatter 
images  were  reconstructed,  corresponding  to  each  of  the 
twelve  calendar  months.  One  of  the  reconstructed 
scatterometer  images  used  is  shown  in  Figure  1. 

Reconstructing  the  entire  African  continent  created  an 
analysis  problem.  Since  Africa  spans  both  the  northern  and 
southern  hemispheres,  a  vegetation  class  (e.g.  tropical 
woodland)  common  to  both  hemispheres  would  have 
different  backscatter  averages  dependent  on  the  northern  or 
southern  hemisphere  season.  To  rectify  this  problem,  the 
twelve  monthly  images  were  split  along  the  equator,  and 
reconstituted  so  that  corresponding  months  (seasonally 
speaking)  were  analyzed  together. 
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The  map  database  used  for  this  study  is  produced  by  the 
World  Data  Center- A  (WDC-A)  for  Solid  Earth  Geophysics 
in  cooperation  with  the  Data  Management  and  Information 
Systems  Working  Group  of  the  International  Geosphere- 
Biosphere  Program  (IGBP).  The  purpose  of  the  database  is 
to  provide  a  series  of  digital  maps  for  global  change 
analysis  and  climatic  modeling.  The  database  is  used 
extensively  by  the  United  Nations  Environmental  Program 
(UNEP)  and  other  international  organizations.  The 
database  contains  several  vegetation-related  grid-cell  maps 
of  continental  Africa.  Regrettably,  none  of  the  digital  maps 
has  the  same  high  resolution  as  the  reconstructed  ERS-1 
imagery,  and  all  are  highly  tentative.  The  experiments 
described  in  this  paper  refer  to  the  Matthews  Vegetation 
map.  Despite  its  low  T  cell  resolution,  it  was  chosen  in 
preference  to  the  others  because  of  its  broad  categories  of 
vegetation  based  on  characteristic  physiognomic  classes. 
The  original  map  consists  of  21  vegetation  classes,  ranging 
from  tropical  evergreen  forest  to  desert.  Due  to  the 
inaccuracies  typical  in  any  map  of  such  coarse  resolution, 
vegetation  classes  with  fewer  than  600  cells  on  the 
continent  were  discarded,  leaving  13  classes  for  the 
discrimination  experiments. 

The  goal  of  this  preliminary  analysis  was  to  determine 
whether  sufficient  information  exists  in  the  reconstructed 
ERS-1  imagery  to  distinguish  between  the  Matthews 
vegetation  classes.  Three  procedures  were  used: 

•  Calculation  of  simple  descriptive  statistics  for  each 

vegetation  class  for  spring,  summer,  fall,  and  winter. 

•  Graphical  analysis  of  backscatter  change  through  the 

season  for  each  vegetation  class. 

•  Rudimentary  discriminant  analysis. 

To  conduct  these  analyses,  the  12  monthly  ERS-1  images 
were  registered  with  the  digital  vegetation  map,  and  the 
backscatter  values  for  each  underlying  vegetation  cell  were 
extracted  and  recorded. 

In  the  discriminant  analysis,  the  vegetation  classes  were 
the  dependent  variables,  and  pixels  from  the  twelve 
seasonal  images  formed  the  independent  variables.  In  the 
tests  described  below,  only  one-third  of  the  pixels  for  each 
of  the  13  vegetation  formations  were  used  for  training.  The 
remaining  two-thirds  were  reserved  for  testing  the 
discrimination. 

The  fundamental  approach  used  in  the  exploratory 
discriminant  analysis  was  to  continually  regroup  the 
original  13  vegetation  categories  into  a  much  smaller  set 
until  the  classification  accuracy  produced  by  discriminant 
functions  reached  an  acceptable  level.  An  effort  was  made 
to  maintain  logically  consistent  groupings.  For  example, 
while  we  felt  free  to  combine  equatorial  forest  categories 
with  some  woodland  categories,  we  did  not  combine  forest 
categories  with  unrelated  categories  such  as  desert.  The 
quality  of  the  supervised  classification  was  assessed  by  a 


simple  percentage  of  agreement  between  the  map  and 
predicted  vegetation  class. 

III.  RESULTS  AND  DISCUSSION 

Backscatter  values  for  the  13  vegetation  classes, 
calculated  for  summer  and  winter  seasons,  are  presented  in 
Table  1.  In  general,  regardless  of  the  season,  backscatter  is 
the  highest  among  the  tropical  forest  classes  and  decreases 
progressively  through  the  woodland  and  grassland 
categories.  Desert  produces  the  lowest  backscatter. 

Figure  2  is  a  graph  of  vegetation  backscatter  changes  for 
the  12  composite  months.  To  improve  legibility,  only  nine 
of  the  13  classes  are  shown.  The  graph  shows  how  the 
backscatter  for  the  equatorial  forest  classes  changes  little 
throughout  the  year.  This  is  to  be  expected,  since  the 
equatorial  forest  vegetation  is  largely  evergreen,  and  does 
not  drop  its  leaves  in  response  to  seasonal  changes  in 
temperature  or  moisture.  In  fact,  most  of  the  evergreen 
classes  show  the  same  general  behavior  —  consistent 
backscatter  throughout  the  year.  Few  of  these  classes  are 
strongly  affected  by  the  shift  of  the  Intertropical 
Convergence  zone  (ITC). 

The  desert  class  has  consistently  low  backscatter 
throughout  the  year  -  there  is  little  vegetation  to  provide 
seasonally  changing  surface  or  volume  backscatter. 

In  contrast  to  the  classes  which  exhibit  little  change,  the 
savanna  woodlands  and  grasslands  show  a  profound 
increase  in  backscatter  during  certain  months  as  the  grassy 
vegetation  becomes  greener,  or  as  the  trees  leaf-out.  As  the 
rrC  drifts  away  from  these  regions,  and  these  savanna 
vegetation  classes  come  under  the  influence  of  subtropical 
high  pressure,  the  climate  becomes  more  droughty,  the 
vegetation  rapidly  browns,  and  the  trees  lose  their  leaves. 
The  backscatter  decreases  during  these  months. 

Initial  attempts  to  discriminate  between  all  13  classes 
were  disappointing.  Furthermore,  a  final  grouping  of  four 
classes  produces  an  overall  accuracy  of  only  63.5%,  far  less 
than  the  accuracy  produced  when  a  similar  experiment  was 
conducted  over  South  America  [3].  Class  accuracy  figures 
for  this  four  group  solution  are  presented  in  Table  2. 

As  the  table  shows,  the  evergreen  forest  and  woodland 
classes  are  the  most  accurately  classified,  whereas  the 
shrubland  and  mixed  grass-shrubland  are  correctly 
classified  less  than  1/2  the  time. 

IV.  CONCLUSION 

Given  the  vegetation  class  seasonality  depicted  in  the 
ERS-1  imagery,  the  mediocre  classification  accuracy  is 
unexpected.  Further  investigation  has  indicated  that  the 
digits  map  being  used  for  ‘‘ground-truth”  is  extremely 
generalized  —  the  satellite  imagery  depicts  more  detail  in 
the  vegetation  than  the  map.  We  think  that  vegetation 
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mixtures  along  the  vegetative  region  borders  combined  with 
the  generalization  in  the  map  contributed  to  the  lack  of 
discrimination  accuracy.  In  previous  work  with  higher 
quality  map  sources  and  more  selective  sampling, 
classiJBcation  accuracy  exceeded  80%,  although  the  same 
problems  were  cited  [3]. 

Given  the  dramatic  seasonal  changes  in  the  savanna 
classes,  and  the  lack  of  seasonal  changes  in  the  tropical 
forest  classes,  there  is  strong  evidence  that  reconstructed 
ERS-1  imagery  can  be  used  for  regional  vegetation  mapping 
and  monitoring.  However,  other  evidence  suggests  that  a 
single  reconstructed  image  used  alone  would  be  insufficient 
“  a  temporal  sequence  would  likely  be  required.  Inclusion 
of  AVHRR  or  another  reconstructed  image  type  would  also 
prove  valuable.  Mid-latitude  and  boreal  forest  research 
using  reconstructed  C-band  scatterometry  may  also  prove 
fruitful,  especially  when  combined  with  high  resolution 
SAR  imagery. 
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Vegetation  Fonnation 

Summer 

Winter 

Tropical  evergreen  rainforest 

-8.02 

-8.28 

Trop.  broad-leaved  seasonal  evergreen  forest 

-8.44 

-8.93 

Evergreen  broad-leaved  sclerophyUous  woodland 

-10.22 

-10.23 

Grassland  with  <  10%  woody  trees 

-9.47 

-11.13 

Tropical  drou^t-deciduous  woodland 

-9.86 

-11.15 

Grassland  with  10-40%  woody  trees 

-10.35 

-11.35 

Meadow,  diort  grassland,  no  woody  cover 

-10.77 

-11.80 

TaU  grassland,  no  woody  cover 

-10.35 

-12.10 

Xeromoiphic  shrubland 

-11.95 

-12.19 

Evergreen  broad-leaved  shrubland 

-12.43 

-12.37 

Medium  grassland,  no  woody  cover 

-11.64 

-12.60 

Grassland  with  shrub  cover 

-12.76 

-13.41 

Desert 

-15.67 

-15.97 

Table  1.  Seasonal  backscatter  averages 

Vegetation  class  Percentage  of  map  pixels 


accurately  classified 

Everg?:een  forest  and  woodland 

82.2% 

Deciduous  woodland  and  grassland 

64.5% 

Shrubland  and  mixed  grass-dirubland 

44.6% 

Desert 

72.2% 

Table  2.  Results  from  the  discrimination  analysis. 


-20  -15  10  -5 

Figure  I.  Reconstructed  ERS-l  summer  image. 


Figure  2,  Seasonal  change  in  backscatter  for  selected 
vegetation  classes 
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Abstract-This  work  concerns  moni¬ 
toring  of  thermal  patterns  on  the 
sea  surface  in  a  marginal  sea. Some 
timely  variations  of  the  thermal 
patterncan  be  well  detected  by  us¬ 
ing  the  NOAA's  APT(Automatic  Pic¬ 
ture  Transform)  imageries. Special 
reference  is  an  eddy  tracking  in 
the  Japan  Sea  as  a  marginal  sea. 
The  evolution  of  the  eddy  suggests 
us  a  dynamical  process  in  the  sea 
where  effects  of  the  ocean  can  be 
seen. Geographic  and  bathymetric 
effects  must  be  contributive  for 
the  process. 

INTRODUCTION 

In  order  to  realize  monitored 
satellite  thermal  variations  on 
the  sea  surface,  this  work  is 
vindertaken.For  the  purpose,  the 
NOAAlsAPT  imageries  are  directly 
received  at  the  author’s  station. 
For  convenience, the  western  part 
of  the  Japan  Sea  as  a  marginal  sea 
is  taken  for  the  author's  interest 
area. In  this  area, evolution  of  an 
eddy  had  been  observed  at  an  ocean 
flow  variations. This  result  should 
be  realized  as  a  dynamic  process. 

By  this  time, the  author  has  used 
the  NOAA's  APT  imageries  in  the 
Northwestern  Pacific  for  realizing 
the  western  boundary  f low"Kurosio" 
iust  south  of  the  Japanese  Islands 
(1). Several  works  were  monitoring 
of  thermal  variations  of  Kurosio 
flow  in  relation  to  storm  flood 
spread(2-5) .These  work  areas  were 
a  part  of  the  Pacific  as  an  ocean. 
In  this  work, the  Japan  Sea  is  the 
author's  interest  and  the  effects 
in  the  Pacific  is  seen  also  in  the 
Japan  Sea. 


INFRARED  APT  DATA 

For  promoting  this  work,  the  data 
of  the  directly  received  infra¬ 
red  imageries  were  used,  through 
a  simple  par ab ora  antenna  and  a 
simple  receiver  and  tranformer. 

A  desk-top  type  of  personal  com¬ 
puter  was  utilized  for  processing 
the  received  data  and  displaying. 
When  the  image ly  of  AVHRR  is  used 
the  size  of  the  piksel  is  about 
1  km  square .Nevertheless , in  this 
work  the  size  of  the  piksel  is 
adjusted  as  about  4  km  square  in 
order  to  fit  the  adjusted  for  our 
display  after  transforming  the 
received  signals. Even  though,  the 
imageries  show  us  how  are  the 
variations  of  the  thermal  pattern 
on  the  sea  surf  ace. T.he  APT  data 
obtained  after  receiving  as  the 
real-time  data  can  be  utilized 
for  the  various  purposed  fields, 

MARGINAL  SEA 

In  the  author's  understanding, 
many  of  the  contributions  have 
been  presented  for  the'  problems 
on  the  sea  surface  thermal  varia¬ 
tions  in  the  ocean. In  this  work, 
an  application  for  the  existing 
marginal  sea  is  considered.  For 
convenience, the  Japan  Sea  just 
neibor  the  Pacific  is  the  case 
for  this  work, By  this  time,  only 
a  limitted  scientist  has  payed 
his  attention  for  detecting  the 
sea  surface  variations  which  can 
be  found  by  looking  at  thermal 
imageries  of  the  NOAA  »s  APT  data. 
Special  interest  in  tnis  work  is 
to  describe  a  life  of  an  eddy  in 
the  Japan  Sea  as  a  marginal  sea. 
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THERMAL  PATTERN 


The  area  of  the  interested  in 
this  work  is  shown  in  Pig.1  where 
the  bathymetry  is  not  so  simple. 
Even  though,  it  should  be  in  mind 
that  a  northern  peak  in  the  Korean 
Plateau  is  the  location  of  the 
author's  interest  in  this  work, 

A  filament  was  found  on  1st  April 
1993  as  seen  in  the  first  block  in 
Fig, 2, The  author  had  watched  the 
filament  on  the  sea  surface  to  see 
an  evolution  of  the  filament  that 
can  be  identified  by  the  isotherms 
specifying  the  eddy  and  filament 
as  seen  in  blocks  in  Pig. 2, 

Looking  at  the  thermal  patterns 
around  the  eddy  and  filament,  the 
author  has  to  consider  that  a  cold 
core  of  the  eddy  is  trapped  by  the 
northern  peak  of  the  Korean  Pla¬ 
teau, 

The  filament  in  Pig. 2  is  specific 
because  the  filament  is  warm  and 
creeping  along  the  eastern  coast 
of  the  Korean  Peninsula,  The 
water  consisting  the  filament 
should  be  an  inflow  of  the  Kurosi- 
o  flow  through  the  East  China  Sea 
and  the  Tsushima  Strait, 

Considering  about  the  variations 
of  the  sea  surface  thermal  pattern 
in  the  Japan  Sea, the  peak  seems  to 
control  cold  core  eddy  there  and 
to  form  a  circular  warm  filament 
around  the  eddy, The  filament  must 
be  driven  by  the  shear  forcing  of 
the  eddy. 

This  eddy  must  be  found  even  by 
the  Korean  scientists  though  no 
contribution  is  seen  even  now. 

In  the  other  oceanic  zone,  for 
example, in  the  areas  of  the  Gulf 
Stream  and  the  Kuroshio  flow, warm 
core  ring  has  been  well  discussed 
though  no  detailed  remark  is  here 
noticed. 

With  this  work, it  is  clarified 
that  the  satellite  thermal  pattern 
in  a  marginal  sea  is  useful  at 
detecting  effects  of  the  ocean. 


Fig.l  Bathymetry  of  the  western 
Japan  Sea. 

The  contours  for  5oo,1000 
and  2000  m  deep, 
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Fig. 2  Sea  surface  thermal  variations  in  the  Japan  Sea 

as  a  marginal  sea  where  effects  of  the  Pacific 

Ocean  are  seen. 

1) The  area  is  located  in  the  western  part  of  the 
Japan  Sea  as  seen'  in  Fig.1. 

2) The  two  cross  marks  for  the  locations  of  35°N 
and  40ON  on  the  meridian  of  1350E  in  each  block. 

3) The  date  and  time  is  notated  as  93.4.01  and  745 
for  1993  April  1st  and  for  07h45m  JST  for  example. 

4) The  numerals  in  the  blocks  for  the  apnarent 
sea  surface  isotherms (OQ ) . 
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ABSTRACT 

This  paper  presents  vegetation  classification  results  using  C- 
band  helicopterborne  scatterometer  data  acquired  over 
different  forested  areas  during  two  experimental  campaigns 
in  France(1991)  and  in  French  Guiana  ( in  the  framework  of 
the  ESA  SAREX  campaign  in  1992).  The  scatterometer 
involved  in  the  two  campains  was  ERASME,  a  small,  low 
power,  high  resolution  (Im),  ranging  radar.  It  operated  as  a 
sounder  of  the  trees,  in  a  nadir  looking  mode.  A  new  pattern 
recognition  method,  which  we  call  morphodecomposition, 
has  been  used  to  process  the  data  and  is  presented  also  here. 
The  results  of  this  statistical  method  of  analysis  applied  to 
four  classes  of  forests  are  promising. 

INTRODUCTION 

Helicopterborne  radar  measurements  have  been  carried  out, 
firstly,  during  summer  and  winter  of  1991  over  a  temperate 
forest  in  France  [1],  and  secondly,  during  April  1992,  over 
the  French  Guiana  Rain  Forest  and  Mangrove[2]  (in  the 
frame  work  of  the  SAREX-92  campaign  organized  by  ESA 
and  supported  by  ESA,  CNES,  and  the  French  National 
Program  for  Spatial  Remote  Sensing). 

The  French  radar  involved  was  ERASME  [3],  a  bi-frequency 
FM/CW  high  resolution  (Im)  ranging  radar,  used  in  a 
specific  configuration,  i.e.,  a  nadir  looking  mode  and  a  low 
flight  altitude  giving  an  antenna  footprint,  at  3  dB,  of  about 
20m  by  5m  along  the  radar  track.  The  X-band  data  (9.65 
GHz)  were  only  studied.  One  of  the  principal  aim  of  that 
experiment  was  to  test,  in  natural  conditions,the  capacity  of 
microwaves  to  penetrate  into  the  canopy,  leading  to  a  vertical 
description  of  it.  A  statistical  processing  of  the  data  has  been 
conducted,  using  a  new  method  of  pattern  recognition,  called 
morphodecomposition  which  provides  a  classification  of  the 
different  types  of  forest  from  the  radar  data.  A  description  of 
the  data  is  given  before  a  brief  presentation  of  the 
morphodecomposition  method.  The  results  are  presented  in  a 
last  paragraph. 

DESCRIPTION  OF  THE  DATA 

The  return  signal  has  not  been  processed  in  terms  of  a 
classical  radar  cross  section,  the  raw  data  were  directly  used. 


These  data  are  in  the  form  of  "spectra"  (fig.l),  which 
represent  the  power  return  in  terms  of  the  vertical  range 
distance.  Because  of  the  good  penetration  of  microwaves  into 
the  canopy,  the  shapes  of  those  spectra  are  strongly  related  to 
the  vertical  structure  of  the  sounded  forest.  This 
consideration  is  the  starting  point  of  our  work  :  an  attempt  of 
classification  of  different  types  of  forest  by  means  of  a 
pattern  recognition  method  applied  to  raw  nadir  looking  radar 
data. 

We  have  plotted  on  fig.l  four  typical  spectra,  corresponding 
to  the  four  forests  that  we  have  observed  with  our  radar  : 

-  a  deciduous  French  forest  during  summer  (#1) 

-  the  same  forest  during  winter.(#2) 

-  the  coastal  swamp  covered  with  mangrove.(#3) 

-  the  tropical  rain  forest  in  French  Guiana(#4)) 

In  the  sites  #1  and  #2,  about  12  species  of  trees  are  present, 
with  (#1)  or  without  (#2)  leaves.  The  site  #4  is  characterized 
by  a  great  biodiversity  (about  100  species/ha),  and  the  shapes 
of  the  radar  spectra  are  quite  variable.  On  the  contrary,  the 
site  #3  is  covered  with  mangrove  composed  with  only  one 
species  of  tree. 

In  order  to  compare  the  four  classes  of  forests  in  terms  of  the 
vertical  structure  of  the  vegetation,  we  made  two 
transformations  on  the  data  -on  the  length  of  the  spectra  and 
the  surface  of  its-  which  did  not  affect,  obviously,  the  shapes 
of  the  spectra. 

The  lengths  of  the  spectra.  The  first  echo  of  the  spectra 
corresponds  to  the  top  of  the  trees,  the  second  one,  which  is, 
nevertheless,  not  always  present  (#4),  corresponds  to  the 
ground  echo.  Then  the  length  of  a  spectrum  represents  the 
height  of  the  trees.  This  parameter  is  not  a  characteristic  of  a 
type  of  forest  and  has  not  to  be  taken  into  account  in  our 
analysis.  We  eliminated  this  parameter  by  shrinking  or 
stretching  the  length  of  the  spectra  to  a  same  value,  arbitrarily 
taken  equal  to  100. 

The  surfaces  of  the  spectra.  The  surfaces  delimited  by  the 
curves  are  related  to  the  flight  altitude  of  the  radar  which  is 
not  constant  from  one  data  to  another  one.  The  volume  of 
vegetation  included  into  the  antenna  beam  depends  on  this 
altitude.  We  have  normalized  the  surfaces  of  all  the  spectra  in 
order  to  compare  them  in  a  same  manner. 

We  built  four  test  files  for  the  analysis  corresponding  to  the 
four  types  of  forests.  Each  file  contains  15  spectra,  chosen  to 
be  uncorrelated  and  to  have  representative  shapes,  that  is  to 
say,  true  to  the  majority  of  the  spectra  in  a  class. 
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range  (radar  bins) 

Fig  A  :  Four  examples  of  an  ERASME  spectrum  acquired  in 
the  same  radar  configurations  over  the  four  types  of  forests 
investigated 

MORPHODECOMPOSITION  OF  SAMPLES 

The  main  ideas  of  our  methodology,  that  we  call 
morphodecompositiony  were  devised  to  identify  manners  of 
speech  in  linguistics  [4].  An  adaptation  of  this  methodology 


to  identify  the  time  series  has  given  promising  results  [5]. 
Morphodecomposition  of  a  sampled  signal  is  a  two-step 
technique,  an  analysis  of  the  given  signal  into  simpler 
elements,  and  a  synthesis  of  these  elements  into  a  signature 
comprising  a  number  of  features.  Signals  do  not  come  alone, 
but  usually  are  taken  from  a  large  collection  or  samples.  The 
result  of  morphodecomposition  then,  forms  a  data  matrix  that 
can  be  analysed  in  view  of  the  purposes  of  the  applications, 
whether  it  is  identification,  determination  of  the  number  of 
classes  of  patterns,  verification  (as  in  signatures)... 

Analysis.  From  a  sequence  of  observations, 
equally  spaced  or  not,  we  first  obtain  the  sequence  of  first 
differences  Ay^  =  y^^j  -  yiJ  =  L  - 1 .  The  two-state 

case  can  be  based,  for  example,  on  the  sign  of  these 
differences.  Let  us  say  that  the  state  a^  is  i  or  2  according  to 
the  sign  of  Ay,.  Actually,  within  certain  limits,  any  cutpoint 
can  be  used  for  that  purpose  : 

^  _  1  ifAyi<c 
'  2  otherwise 

To  generalize  to  the  n-state  case,  one  has  to  define  n-l 
cutpoints  giving  rise  to  n  intervals  on  the  real  line,  and  a,  is 
the  number  of  the  interval  containing  Ay, .  Defined  from  the 
first  differences  of  the  samples,  we  have  replace  the  L 
samples  by  N^LA  states.  The  determination  of  the  cutpoints 
and  the  production  of  the  chains  of  states  constitute  the  first 
step,  the  analysis  of  the  methodology.  The  cutpoints  can  be 
determined  according  to  one  of  the  two  following  choices  : 
either  one  uses  equally  spacing,  or  one  uses  equals  masses,  to 
determine  them.  The  two  alternatives  were  tested,  and  we 
decided  the  masses  choice.  They  are  calculated  from  the  set 
of  all  first  differences  calculated  from  the  data  set  under 
consideration.  When  ordered  the  cutpoints  are  their  regular 
quantiles.  For  the  two-state  case,  c  can  be  the  median. 
Similarly  for  the  n-state  case,  the  first  cutpoint  can  be  the 
(7/n)th  quantile,  and  so  forth.  Now  a  sample  signal  is 
represented  by  a  sequence  of  states  or  primitives  a  ,  ^2 » •  •  •  • 

This  step  is  now  followed  by  a  synthesis  providing  a 
signature  of  each  sampled  sequencing  properties  of  the  units. 
A  signature  takes  the  form  of  a  vector  of  features. 

Synthesis  :  selection  properties.  Let  us  assume  that  we  have 
n  states  and  denote  by  P;  =  fp; 7 ^heir  empirical 

probabilities  observed  on  a  given  spectrum, 

2 

by  P2  =  {P2}>--P2A }  empirical  distribution  of  the  n 

pairs  of  states,  etc.  The  first  order  entropy  associated  to  a 
given  spectrum  is  given  by 

n 

fin.j(Pl)  =  “X  (Pli)’ 

i  =  l 

which  is  the  average  of  the  set  {log2( Pn)}'^i=j- 

noted  that  any  perturbation  of  the  a,  will  give  the  same  first 


834 


entropy.  The  second  entropy  of  Pj  will  begin  to  take  into 
account  some  sequencing  properties  of  the  states  : 

^n,  2(^1)  ^n,  I  ( states  /  first  states ). 

An  easy  calculation  shows  that 

=  ,(P2)-H„j(P,). 

One  can  similarly  define  Pj ),  H^  fiPj )  and  so  on. 

Synthesis  :  sequencing  properties.  Although  the  higher 
order  entropies  provide  some  sequencing  characteristics  for  a 
signal,  they  describe  mainly  selection  properties.  In  order  to 
describe  more  precisely  the  former  ones,  we  simply  use  the 
empirical  transition  matrix  of  the  states,  and  calculate  its 
eigenvalues  and  eigenvectors.  We  will  keep  only  the  n-7 
eigenvalues  other  than  7  (the  transition  matrix  is  a  Markov 
matrix),  and  the  n-J  angles  of  the  eigenvectors  to  the 
eigenvalue  7.  Those  2(n-7)  parameters  provide  a  summary  of 
the  transition  matrix  structure. 

RESULTS 

In  the  application  described  here,  we  consider  the  states  form 
n  =  2  to  n  =  J,  and  order  entropies  up  to  the  order  4.  The 
signature  resulting  in  the  synthesis  step  comprises  then  36 
features.  Sets  of  data  are  fed  into  statistical  procedures, 
discriminant  analyses,  clustering  procedures,  factor  analyses, 
etc. 

We  present  now  two  sets  of  results,  the  first  one 
corresponding  to  data  with  normalized  lengths  only,  and  the 
second  one  corresponding  to  data  with  both  normalized 
lengths  and  surfaces.  The  statistical  procedure  adopted  here  is 
the  discriminant  analysis,  but  the  other  classical  procedures 
cited  have  been  tested  and  give  almost  same  results.  The 
results  are  presented  in  terms  of  diagonals  of  the  confusing 
matrix,  giving  the  percentage  of  success  for  each 
classification.  We  applied  our  method  to  the  4  classes  of 
forets,  i.e.  #1,#2,#3,#4,  and  to  2  classes  to  times,  i.e.  #1,  #2 
(deciduous  forest  with  and  without  leaves)  and  #3  ,#4  (mono¬ 
species  forest  and  large  biodiversity  forest). 

Data  with  normalized  lengths 


from  type 

#1 

#2 

#3 

#4 

#1 

85% 

8% 

5% 

2% 

#2 

5% 

93% 

2% 

0% 

#3 

3% 

7% 

81% 

9% 

#4 

5% 

9% 

14% 

72% 

from  type 

#1 

#2 

#1 

91% 

9% 

#2 

7% 

93% 

from  type 

#1 

#2 

#1 

91% 

9% 

#2 

18% 

82% 

Data  with  normalized  lengths  and  surfaces 


from  type 

#1 

#2 

#3 

#4 

#1 

89% 

6% 

4% 

1% 

#2 

6% 

91% 

3% 

0% 

#3 

3% 

6% 

83% 

8% 

#4 

3% 

6% 

13% 

79% 

from  type 

#1 

#2 

#1 

91% 

9% 

#2 

5% 

95% 

from  type 

#3 

#4 

#3 

95% 

5% 

#4 

13% 

87% 

These  results  are  quite  promising,we  have  done  a  comparison 
between  the  morphodecomposition  efficiency  and  other 
classical  methods  one  and  we  have  presented  it  in  a 
forthcoming  paper [6].  We  found  that  this  new  method  seems 
to  be  more  efficient  than  others.  The  badest  results  are  obtain 
for  the  tropical  site,  which  is  not  surprising.  We  observed 
great  variations  of  the  shapes  of  the  spectra  along  a  flight 
track.  This  variability  is  certainly  caused  by  the  apparent 
confusion  of  the  canopy.  In  addition,  the  ground  peak  is  not 
always  present,  du  to  a  high  absorption  of  the  wave  by  the 
vegetation,  which  leads  to  a  confusion  in  the  classification. 
The  results  of  the  second  set  of  data  seems  to  be  slightly 
better  than  those  of  the  first  set,  but  not  for  all  the  groups. 
The  difference  between  the  two  sets  of  data  is  not  very 
relevant. 

As  a  conclusion,  we  may  say  that  a  pattern  recognition 
method  applied  to  nadir  looking  radar  data  can  provide  a 
classification  of  different  types  of  forest.  The  next  step  of  our 
investigations  could  be  the  same  work  applied  on  only  one 
type  of  forest,  in  order  to  distinguish  different  vertical 
structures  of  a  forest  linked  to  natural  disposition,  desease, 
etc... In  that  case,  other  difficulties  would  appeared  du  to  an 
unsupervised  classification. 

REFERENCES 

[1]  M.  Dechambre,  R.  Bernard,  E..Krasteva,  ’'Nadir  looking 
helicopter-borne  radar  observations  over  a  forest  of  a 
temperate  region",  proceedings  of  the  microwave  signature 
conference,  1992,  (Innsbruck,  Autriche,01-03  Juillet). 

[2]  M.  Dechambre,"  Radar  measurements  over  the  French 
Guiana  mangrove",  proceedings  of  the  IGARSS'94, 
CALTECH,  Pasadena,  august  8-12,  1994,  California,  USA 

[3]  R.  Bernard,  D.Madjar-Vidal,  F.  Baudin,  and  G.Laurent, 
"Data  processing  and  calibration  for  an  airborne 
scatterometer,"  IEEE  trans.  on  geoscience  and  remote 
sensing.  Vol.  GE-24,  no.5,  September  1986. 

[4]  M.  Bourdeau,  L.  Dagenais,  L.  Santerre,"A  quantitative 
framework  for  phonology",!,  of  Applied  Linguistics,  vol.87- 
88,ppl21-150,  1990. 

[5]  M.  Bourdeau  &  B.  Burtschy,  "Syntactic  identification  of 
ARMA  processes",  Ame.  Stat.  Ass.  Proc.  of  the  Business  and 
Economic  statistics  section,  pp  169- 171,  1994. 

[6]  M.  Bourdeau  &  M.  Dechambre,  "Morphodecomposition 
compared  to  other  techniques  in  the  search  for  typical  forms 
in  radar  spectra  obtained  from  observation  of  forests", 
unpublished. 


835 


Use  of  Polarisation  Synthesis  for  Deforestation  Studies 
based  on  SIR-C/XSAR  Data  Analysis 


Jean-CIaude  SOUYRIS  -  Thuy  LE  TOAN  -  Nicolas  FLOURY  -  Laurent  THOMASSON 
CESBIO,  18  Av.  Edouard  Belin,  BPI  2801, 31055  Toulouse  Cedex,  France 
Ph  :  +33.61.55.85.84  E-mail :  souyris@cesbio.cnes.fr 

Chih-Chien  HSU  -  Jin  Au  KONG 
Department  of  Electrical  Engineering  and  Computer  Science, 
Massachusetts  Institute  of  Technology,  Cambridge,  MA  02139,  USA 
Ph  :  +1.617.253.8209  E-mail :  chih@ewt.mit.edu 


Abstract  -  This  paper  addresses  the  use  of  polarisation 
synthesis  techniques  for  deforestation  studies,  through  the 
analysis  of  polarimetric  data  acquired  by  the  Spaceborne 
Imaging  Radar-C/XSAR  (polarimetric  L-  and  C-  bands,  X 
band  VV),  in  April  and  October  1994.  For  any  basis  of 
orthogonal  polarisations,  a  collection  of  polarimetric 
discriminators  is  calculated.  The  following  conclusions  are 
derived  :  1 )  The  degree  of  coherence  at  C  band  between  HH 
and  VV  signals  provides  the  best  results  for  forest/non  forest 
segmentation.  2)  L  band  HV  is  the  more  appropriate  radar 
configuration  for  biomass  estimation.  3)  The  use  of  circular 
polarised  intensity  signals  enhances  the  roughness  effect  over 
bare  soils  surfaces. 


INTRODUCTION 

In  previous  studies  [l]-[2],  SIR-C/XSAR  data  acquired 
over  the  Landes  forest  test  site  in  South-Western  France  have 
been  analysed  at  various  incidences  (26°,  51°)  for  forest/non¬ 
forest  segmentation  and  regenerating  forest  mapping 
applications.  Data  analysis  has  been  made  conjointly  with  the 
development  of  a  theoretical  modeling  using  radiative  transfer 
theory,  coupled  with  a  branching  model  taking  into  account 
coherent  scattering  effects  due  to  the  clustered  vegetation 
structures  [3].  L  band  HV  configuration  was  found  to  offer 
the  highest  sensitivity  to  biomass  content  in  the  range  [0 
tons/ha,  100  tons/ha].  Besides,  C  band  degree  of  coherence 
between  HH  and  VV  signals  at  low  incidence  angle  (26.4°) 
led  to  the  best  results  regarding  forest/non  forest  segmention. 

Using  polarisation  synthesis  techniques,  the  objective  of 
this  work  is  to  demonstrate  the  consistency  of  the  above- 
mentioned  configurations,  but  also  to  investigate  the 
polarisation  dependence  of  backscattering  from  forested  and 
non  forested  areas.  It  consists  in  deriving  the  target  response 
for  any  set  of  transmitting  and  receiving  polarisation,  from  the 
knowledge  of  the  polarimetric  response  derived  in  a  linear 
polarisation  basis  ( A,  v )  ■  For  every  configuration,  the  degree 
of  coherence  between  copolarised  signals  and  the 
corresponding  intensity  signatures  are  calculated. 
0-7803-3068-4/96$5.00©i996  IEEE 


POLARIMETRIC  FEATURES 

Intensity  information  :  The  knowledge  of  the  full 
polarimetric  information,  included  either  in  the  3*3 

covariance  matrix  |cj  or  in  the  4*4  Muller  matrix  j^Afj  , 

permits  the  application  of  polarisation  synthesis  techniques 
in  order  to  maximize/minimize  the  contrast  between  various 
types  of  targets.  The  simulated  incident  Stokes  vector  is  given 
by  :  ^S^-(],cos2\ifi  cos2ri,sin2\(/i-cos2Ti,sin2ri)^ 
where  i//;  and  r,  are  respectively  the  orientation  with  respect  to 
h  direction,  and  the  ellipticity  of  the  polarisation  ellipse  (r,  = 
0°  is  a  linear  polarised  wave,  whereas  r,  =  ±45°  is  a  circular 
polarised  wave)  [4].  The  free  space  backscattered  energy  is 

given  by  where  is  the  free  space 

backscattered  Stokes  vector.  Considering  a  receiving 

polarisation  5^^^,  the  synthetised  intensity  response  is  linked 
to  the  measured  power  at  the  terminal  of  the  receiving 
antenna,  propotional  to:  p  rec  rec  ^  i 

The  choice  of  optimal  polarisations  accordingly  to  a 
given  objective  has  been  extensively  discussed  in  the  past.  A 
great  deal  of  work  has  been  done  either  to  determine  the 
optimal  polarisations  of  incoherently  reflected  waves  [5],  [6], 
or  to  determine  the  optimal  transmitting  and  receiving 
polarisations  for  maximizing  the  polarimetric  contrast 
between  two  targets  [7].  Regarding  the  contrast  maximisation 
issue,  the  basic  principle  is  a  two-step  process  :  I)  The 

incident  polarisation  is  chosen  in  such  a  way  that  the 

ratio  is  maximum,  where  and  P^^^  are 

respectively  the  free  space  backscattered  power  density 
coming  from  Target  I  and  Target  2.  This  step  is  subject  to 
alternative  methods,  which  are  either  to  derive  an 
optimisation  based  on  total  intensities,  or  to  consider  the  ratio 
between  the  adjustable  intensity  parts  only,  namely  the 
polarised  parts  of  the  backscattered  waves.  Regarding  the 
issue  of  optimal  polarisations  for  incoherently  reflected 
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waves,  a  numerical  comparison  between  the  two  approaches 
[5]-[6]  showed  that  the  resulting  mathematical  and  numerical 

problems  turn  out  to  be  quite  similar.  2)  Once  is 

determined,  the  receiving  polarisation  is  adjusted  so 

thatp'''^^^  is  minimum.  The  interest  of  this  approach  is  a 
total  decoupling  between  the  choice  of  the  transmitting  wave 
polarisation  and  the  one  of  the  receiving  wave. 


subsequently  constructed,  showing  an  enhanced  contrast 
between  classes,  compared  with  the  corresponding  color 
composite  images  generated  from  intensity  information  [2]. 
Based  on  these  maps,  the  unsupervised  extraction  of  forest 
stands  lower  than  33  tons/ha  has  been  achieved  with  an 
accuracy  higher  than  85%,  whereas  the  discrimination 
between  forest  and  clear-cut  areas  indicated  an  accuracy  of 
87%. 


Coherence  information  :  In  addition  to  intensity-based 
information  (which  are  shown  to  be  critically  dependent  on 
site  and  measurement  conditions,  including  calibration 
uncertainties),  polarisation  synthesis  can  be  further  applied  to 
coherence  information.  The  generalized  pp-qq  degree  of 
coherence  [8]  is  defined  as : 


P  pp~  qq 


pp  ■  '^qq 


where  (p^q)  is  a  basis  of  orthogonal  elliptical  polarisations. 
The  notion  of  contrast  optimisation  between  Target  1  and 
Target  2  has  been  assessed  using  the  degree  of  coherence. 
The  selected  criterion  is  a  maximisation  of  the  difference 
between  |p  j  |  and  |p  2 1  estimated  over  the  two  extended 

targets  under  consideration.  The  search  for  other  types  of 
criteria  remains  nevertheless  a  topic  for  further  studies. 


APPLICATIONS 

The  contrast  optimisation  procedure  has  been 
applied  to  SIR-C  data  acquired  over  the  Landes  forest  test  site 
in  South-Western  France.  This  artificial  forest  is  almost 
totally  formed  of  maritime  pine  (pinus  pinaster),  and 
constitutes  nearly  one  million  hectares  on  a  flat  topography. 
The  study  area  (Nezer  test  site)  located  within  the  Landes 
forest  includes  a  collection  of  maritime  pine  stands  ranging 
between  5  and  150  tons/ha. 

Over  the  Nezer  test  site,  4  different  targets  have  been 
considered  to  assess  the  polarisation  synthesis  aspect.  Target 
7  is  a  46  years  old  forest  (characterized  by  a  biomass  rate  of 
150  tons/ha).  Target  2  is  a  low  vegetated  area  (clear-cut), 
Target  J  is  a  smooth  soil  surface  (r.m.s.  height  is  1.2  cm)  and 
Target  4  is  a  rough  soil  surface  (r.m.s.  height  is  2.5  cm). 

Forest  /  non  forest  segmentation 

At  C  band  and  low  incidence  angle  (24°),  polarisation 
synthesis  applied  to  the  degree  of  coherence  confirmed 
thatp  hh-  vv  provided  the  best  results  for  forest/non  forest 
segmentation  (the  result  of  optimisation  using  Target  1  and 
Target  2  led  actually  to  a  basis  of  polarisations  with 
ellipticity  of  1°).  L  and  C  band  coherence  maps  have  been 


Biomass  mapping 

Once  the  segmentation  forest/non-forest  is  achieved 
using  C  band  p  /z/z  -  vv  ,  the  objective  is  to  investigate  the 
most  appropriate  set  of  transmitting  and  receiving 
polarisations  to  enhance  intensity  contrast  (considering  the 
adjustable  intensity  part  only)  between  Target  1  and  Target  2, 
and  consequently  stretching  out  the  dynamic  between  forest 
stands  of  different  ages,  in  order  to  set  up  a  biomass 
estimation  process  of  the  forested  areas.  Using  24°  L  band 
data,  the  result  of  this  optimisation  is  given  by  : 
y/  ^  =  0.5°  ,  T  ^  =  -  0 .5  °  ,  y/  ^  =  9  0°  ,  T  ^  =  ~  ]° 

The  optimal  transmitting  polarisation  is  a  linear 
polarisation  in  the  h  direction,  whereas  the  receiving 
polarisation  is  linear  in  the  v  direction.  The  result  of  the 
optimisation  consequently  confirms  LHV  as  the  more 
appropriate  configuration  for  biomass  estimation.  Taking 
Target  3  or  Target  4  instead  of  Target  2  in  the  contrast 
optimisation  process  led  to  a  similar  result.  Fig.  1  shows  a 
biomass  map  in  the  range  [0,  100  tons/ha]  derived  from  this 
configuration.  The  image  was  first  segmented  into  two  classes 
(forest  /  non  forest)  using  C  band  p  hh  -  vv  .  The  original 

SIR-C  image  is  12  looks,  which  has  been  further  processed 
with  a  Kuan  filter  applied  with  a  9*9  moving  window. 

Roughness  mapping 

In  order  to  derive  a  roughness  mapping  over  non 
forested  areas,  as  a  preliminary  step  to  a  moisture  inversion 
process,  contrast  optimisation  has  been  subsequently  applied 
to  Target  3  and  Target  4,  which  have  the  same  moisture 
content.  In  this  case,  the  optimisation  result  led  to  : 
y/  ^  -  43° ,  ~  3  7°  ,  y/  =  4  0° ,  T  =  -3  0° 

and  are  fully  elliptical  polarisations,  close  to  the 

circular  configuration.  It  should  be  noted  that  circular 
polarisations  provides  similar  results.  Fig.  2a-b  display 
respectively  the  24°,  L  band  filtered  image  over  a  bare  soils 
area  for  this  synthesis,  and  the  corresponding  filtered  LHV 
image.  The  different  roughness  states  over  the  bare  soil 
surfaces  clearly  show  up  in  Fig.  2-a,  whereas  the  intensity 
level  is  almost  constant  in  the  LHV  configuration  (Fig.  2-b). 
A  similar  result  has  been  presented  in  [4],  considering  lava 
flows  of  different  roughness.  In  a  parallel  study  [8],  the 
degree  of  coherence  expressed  in  a  circular  polarisation  basis 
has  been  chosen  as  a  roughness  estimator. 
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CONCLUSION 

The  overall  objective  being  to  assess  the  capability  of 
spaceborne  polarimetric  data  for  biomass  inversion  and 
deforestation  monitoring,  SIR-C/XSAR  data  acquired  over 
the  Landes  test  site  showed  the  consistency  of  polarisation 
synthesis  for  biomass  or  roughness  effects  enhancement. 

The  preliminary  results  show  also  an  obvious 
complementarity  between  intensity  and  coherence  images,  as 
well  as  the  interest  of  polarisation  synthesis.  The  study  is 
currently  applied  to  tropical  forest  areas  in  Brazil  (Manaus 
Cabaliana,  Sena  Madureira),  where  extensive  deforestation 
activities  are  in  progress. 


H  Clear-cuts  EH  5-35  tons/ha 
I  I  35-65  tons/ha  EH  65-100  tons/ha 


Fig.  1  :  Biomass  map  of  the  Nezer  test  site 
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(a)  (b) 

Fig.  2  :  L  band,  24°  image  over  bare  soils  of  varying 
roughness.  =  -37°,  \}/^'^^  =  40°,  =  -30° 

(b)y/  =  0.5°,  =  -0.5° ,  y/  =  90°,  =  -1°  (HV) 
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ABSTRACT 

Radar  backscatter  measurements  obtained  by  the  ERS-1 
scatterometer  over  the  Pantanal  region  between  November 
1991  and  August  1995  are  investigated.  During  this  period 
the  inundation  extent  varied  considerably,  a  relatively  wet 
year,  1992,  was  followed  by  dry  years,  1993  and  1994,  while 
in  1995  a  maximum  in  inundation  was  encountered.  This 
interannual  variation  is  well  reflected  in  the  NRCS 
measurements.  Furthermore,  for  the  northern  part  of  the 
Pantanal  a  very  high  correlation  was  found  between  the 
increase  in  radar  cross  section  and  the  inundation  extent  if  a 
time  shift  of  1-2  months  is  applied  to  the  scatterometer  data. 
Thus  the  radar  measurements  may  allow  to  predict  the 
inundation  extent  since  the  signal  in  NRCS  is  1-2  months 
ahead  of  the  flooding. 

INTRODUCTION 

In  July,  1991,  the  European  Space  Agency  (ESA)  launched 
the  First  European  Remote  Sensing  Satellite  ERS-1  carrying  a 
C-band  (5.3  GHz)  wind  scatterometer  for  global  wind 
measurements  over  the  ocean.  This  sensor  operates  at  vertical 
polarization  (VV),  its  three  antennae  are  looking  45  degrees 
forwards,  sideways,  and  45  degrees  backwards  with  respect  to 
the  satellite  flight  direction,  the  incidence  angle  ranges  from 
18  to  57  degrees,  the  illuminated  swath  is  500  km  wide,  and 
the  along-track  and  cross-track  spatial  resolution  is  50  km. 
The  normalized  radar  cross  section  (NRCS)  measurements 
are  independent  of  cloud  coverage  and  illumination  by  the 
sun  and  provide  a  global  coverage  within  3  to  4  days. 

The  Pantanal  in  South  America  is  one  of  the  world's  largest 
tropical  wetlands.  It  is  located  in  the  upper  Paraguay  River 
basin,  occupying  an  area  of  137,000  km^  located  mainly  in 
Brazil,  only  in  the  West,  small  parts  are  in  Bolivia  and 
Paraguay.  Presently,  the  main  river  system  is  still  unregulated. 
The  climate  of  the  Pantanal  is  tropical  with  a  marked  wet 
season  between  November  and  March.  The  annual  rainfall 
across  this  region  is  generally  1000-1700  mm/a.  The 
maximum  inundation  occurs  in  February  in  the  northern 
regions  and  due  to  the  delayed  drainage  of  the  river  system  as 
late  as  June  in  the  southern  part.  The  total  area  inundated  can 
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vary  from  11,000  to  110,000  km^.  It  has  been  demonstrated 
by  [1]  that  passive  microwave  remote  sensing  can  be  used  to 
monitor  the  inundation  in  the  Pantanal  area.  The  difference 
between  vertically  and  horizontally  polarized  brightness 
temperatures  at  37  GHz  is  used  as  an  indicator  for  the 
presence  of  surface  water.  In  our  investigation  we  are  using 
active  microwave  measurements  of  the  normalized  radar 
cross  section  (NRCS)  at  5.3  GHz.  We  found  not  only  a 
correlation  between  the  inundation  extent  and  the  NRCS,  but 
also  a  phase  shift  between  both  time  series  of  1-2  months 
where  the  radar  signal  leads  the  inundation  extent. 

RADAR  BACKSCATTER  DATA 

In  this  investigation  the  NRCS  measurements  obtained 
between  November,  1991,  and  August,  1995,  are  analysed. 
Until  March,  1995,  the  full  data  set  distributed  on  CD-ROM 
by  CERSAT,  the  French  Processing  and  Archiving  Facility 
(F-PAF)  was  available  and  for  the  period  April  to  August, 
1995,  Fast  Delivery  Copy  (FDC)  products  were  used. 

For  the  analysis,  monthly  averaged  NRCS  values  for  two 
incidence  angle  ranges  (18°-30°  and  40°“57'’)  were  computed 
on  a  grid  with  a  resolution  of  0.5°  in  latitude  and  1°  in 
longitude  which  corresponds  roughly  to  the  instrument 
resolution  of  50  by  50  km.  Fig.  1  depicts  a  sequence  of  NRCS 
maps  of  the  Pantanal  area  constructed  from  the  monthly 
averaged  radar  cross  section  measurements.  These  maps  show 
distinct  spatial  variations  of  the  NRCS  as  well  as  its  seasonal 
and  interannual  variability.  It  is  worth  noting  an  area  (marked 
by  the  arrow  in  Fig.l)  of  relatively  low  radar  cross  section 
which  starts  to  development  in  summer  1993  and  was 
detectable  throughout  the  entire  year,  1994.  While  in  1995  the 
NRCS  of  this  spot  returned  to  it  nominal  value.  The  evolution 
of  this  spot  correlates  very  well  with  the  water  level  of  the 
river  Paraguay  and  the  extent  of  the  inundation. 

CORRELATION  WITH  INUNDATION 

Daily  water  level  data  for  numerous  stations  along  the 
Paraguay  River  were  provided  by  the  Departamento  Nacional 
de  Aguas  e  Energia  Eletrica  (DNAEE),  Brazil,  for  the  period 
January  1991  to  May  /  June  1995  [2].  These  waterlevel  data 
were  used  to  extend  the  time  series  of  inundation  extent  given 
by  [1].  Fig.  2  depicts  the  time  series  of  the  total  inundated 
area  in  the  Pantanal  between  November  1991  and  May  1995. 
This  curve  shows  not  only  the  seasonal  variation  of  the 
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Fig.  1:  A  sequence  of  NRCS  maps  of  the  Pantanal  area  (corner  coordinates  are  16-22  °S;  54-60°W)  for  the  years  1991  (top  row)  to  1995 

(bottom  row).  Monthly  averages  from  January  (left)  to  December  (right)  show  a  distinct  seasonal  and  spatial  variation  of  the  NRCS. 
Note  the  dark  spot  located  at  20°S;58°W,  south  of  the  city  of  Corumba  (marked  by  the  arrow)  which  develops  at  the  end  of  1993,  is 
clearly  visible  in  1994,  and  vanishes  in  1995. 


inundation  extent  but  also  a  significant  interannual  variability 
with  relatively  low  values  between  the  end  of  1993  and  the 
end  of  1994  and  relatively  large  flooding  after  the  rainy 
season  in  1995.  On  top  of  this  time  series  plot  a  Hovmoeller 
diagram  depicts  monthly  averaged  NRCS  along  a  longitudinal 
transect  at  57°W  from  16°S  to  22°  S  through  the  Pantanal 
area.  Beside  the  spatial  variation  of  the  NRCS  along  the 
transect  (see  also  Fig.  1)  the  seasonal  and  interannual 
variation  of  the  NRCS  can  be  delineated  which  seems  to  be 
correlated  to  the  inundation  extent  shown  in  the  same  figure. 

Fig.  3  depicts  the  correlation  between  the  monthly  averaged 
NRCS  for  the  incidence  angle  range  between  40°and  57°  and 
the  inundation  extent.  The  NRCS  data  originate  from  the 
northern  part  of  the  Pantanal  17°S  and  56.5°W  close  to 
Cuiaba,  Brazil.  Although  the  dynamic  range  in  radar  cross 
section  is  not  very  large  there  is  a  clear  increase  in  NRCS 
with  increasing  flooding  extent.  Included  in  the  plot  is  a  linear 
regression  line  which  represents  the  data  points  quite  well. 
From  monthly  weather  reports  the  4  data  points  well  above 
the  regression  line  could  be  identified  as  months  with 
exceptionally  high  precipitation  events.  The  best  correlation 
between  the  NRCS  and  the  inundation  extent  was  found  when 
the  inundation  time  series  was  shifted  by  2  months  with 
respect  to  the  NRCS  time  series,  which  has  been  applied  in 
this  figure.  Fig.  4  shows  the  correlation  coefficient  of  the 


Fig.  2:  Time  series  of  the  extent  of  the  inundated  area  of  the  Pantanal 
(bottom)  and  a  Hovmoeller  diagram  (top)  of  monthly 
averaged  NRCS  along  a  longitudinal  section  from  16°S  to 
22°S  at  57°W.  The  black  bars  are  due  to  data  gaps  during  the 
two  ice  orbits  in  1992  and  1994,  respectively.  Brighter  tones 
correspond  to  higher  radar  cross  section. 
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Fig.  3:  Correlation  between  inundation  extent  and  NRCS  at  40°-57° 
incidence  angle  for  an  area  in  the  northern  part  of  the 
Pantanal  south  of  Cuiaba,  Brazil. 

linear  regression  between  the  inundation  extent  and  NRCS  at 
2  incidence  angle  ranges  as  a  function  of  time  lag  between 
both  time  series  (also  shown  are  the  curves  for  the  RBSI  and 
slope  index,  these  parameters  have  been  introduced  by  [3]  in 
order  to  describe  the  radar  backscatter  from  vegetation,  but 
they  are  of  no  interest  here).  The  best  correlation  can  be 
found  for  a  phase  of  1-2  months  between  the  NRCS  and  the 
flooding  extent. 

DISCUSSION 

A  high  correlation  between  the  NRCS  and  the  inundation 
extent  in  the  Pantanal  area  was  found.  The  same  correlation 
analysis  was  applied  to  the  NRCS  and  precipitation  data. 
Here,  the  precipitation  curve  was  1  month  ahead  the  NRCS 
curve.  Furthermore,  we  could  not  delineate  any  dependence 
on  incidence  angle  of  the  scatterometer  measurements.  In 
summary  this  indicates  that  in  this  case  the  scatterometer  is 
more  sensitive  to  the  vegetation  than  to  the  surface 
characteristics.  The  radar  cross  reacts  to  the  onset  of 
vegetation  growth  in  the  rainy  season  which  happens  timely 
between  the  actual  precipitation  and  the  flooding.  Since  the 
latter  two  are  closely  related  the  NRCS  measurements  may 
provide  information  on  both  parameters.  The  Pantanal  is  not  a 
very  inhomogeneous  area  in  terms  of  NRCS  as  depicted  in 
Fig.l  and  in  vegetation  cover.  This  has  to  be  taken  into 
consideration  when  developing  a  retrieval  algorithm  for 
flooding  extent  in  this  area.  But,  the  prospective  of  predicting 
the  inundation  extent  by  means  of  scatterometer 
measurements  taken  at  least  1  month  in  advance  will  have  a 
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Lag  in  Months 

Fig.  4  :  Correlation  coefficient  as  a  function  of  the  time  lag  between 
the  inundation  and  radar  parameter  time  series.  Data  for  the 
for  the  same  location  as  in  Fig.  3.  Different  symbols  are  used 
for  different  incidence  angles  and  radar  parameters 

great  impact  on  various  ecological  and  economic  aspects 
related  to  the  rivers  Parana  and  Paraguay. 
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ABSTRACT  2  -  STUDY  SITE  AND  DATA  ACQUISITION 


In  the  frame  of  the  joint  ESA-CEC  TREES  project,  the 
capacity  of  ERS-1  SAR  data  for  mapping  tropical  forest,  has 
been  evaluated. 

In  this  paper,  we  investigate  new  methods  of 
discriminating  forests  from  deforested  areas  using  ERS-1  data 
over  South  Sumatra.  The  method  developed  is  based  on  the 
temporal  variation  of  the  radar  backscatter  assessed  by  the 
ratio  between  two  images,  which  permit  to  reduce  the  effect 
of  terrain  topography.  The  results  show  that  using 
multitemporal  data,  with  optimal  acquisition  periods,  good 
forest/non  forest  discrimination  could  be  achieved  with  the 
ratio  based  classifier. 

The  investigation  of  5  multitemporal  ERS-1  images 
permitted  to  build  a  forest/non  forest  map  of  the  South  of 
Sumatra  (60  000  km^). 


1-  INTRODUCTION 

Tropical  rain  forest  covers  80  to  90  %  of  the  terrestrial 
standing  biomass.  Three  countries  possess  more  then  half  of 
the  total  tropical  dense  forest  :  Brazil  (33  %),  Indonesia 
(10%)  and  Zaire  (10  %)  [1].  In  Indonesia,  Sumatra  constitutes 
the  most  important  forest  resource.  The  South  of  Sumatra  is 
characterised  by  the  rapid  depletion  of  the  rain  forest,  mainly 
due  to  logging  and  permanent  or  semi -permanent  settling  of 
transmigrated  population.  The  deforestation  rate  has  been 
estimated  to  be  of  1.6  %  per  year  from  1978  to  1985.  Thus 
there  is  an  important  need  for  surveying  tropical  forests  in 
Sumatra. 

This  study  has  been  initiated  in  the  frame  of  the  TREES 
ERS-1  project  in  order  to  develop  methods  for  the 
discrimination  of  forest  from  deforested  areas  from  SAR  data 
in  regions  where  cloud  cover  is  almost  permanent.  The 
method  developed  is  be  applied  to  ERS-1  data  in  order  to 
make  a  forest/non  forest  map  of  an  extensive  region  of  South 
Sumatra  covered  by  multitemporal  frames. 
0-7803-3068-4/96$5.00©1996  IEEE 


The  study  site  is  situated  in  the  South  of  Sumatra  where  the 
deforested  land  is  either  allocated  to  transmigration  or  to 
industrial  plantation  of  palm  tree  and  rubber.  The  remaining 
forests  are  located  mainly  on  hilly  or  mountainous  terrain,  with 
various  degradation  stages  due  to  access  roads  and  logging. 

Maps  of  land  use  have  been  realised  by  BIOTROP  on  2  study 
areas  covering  2  of  the  SAR  frames  using  Landsat  TM  data  and 
ground  check.  Three  main  vegetation  units  have  been  recorded  : 

1  -  Non  swampy  vegetation  including  :  a)  primary  forest, 
b)  secondary,  logged-over  and  depleted  forest,  c)  secondary 
growth  and  d)  grassland. 

2  -  Swampy  vegetation  including  :  a)  primary  forest, 

b)  secondary  forest,  c)  secondary  growth,  d)  grassland  and 

e)  mosaic  of  secondary  vegetation. 

3  -  Cultivated  areas  including  :  a)  paddy,  b)  crops  and 

c)  plantations. 

4  -  Other  land  use  including  :  a)  habitat  +  reforestation, 
b)  urban  area,  c)  barren  land,  d)  coast,  e)  fish  ponds, 

f)  area  of  transmigration. 

The  available  ERS-1  data  have  been  acquired  on  8  SAR 
frames  from  the  22/09/93  to  the  11/09/1994  with  an  average  of 
3  to  4  multitemporal  acquisitions  (fig.  1). 

3  -  ERS-1  DATA  ANALYSIS 

The  radar  backscattering  coefficient  (a®)  has  been  extracted 
from  ERS-1  SAR  data  for  different  land  cover  types  identified  on 
the  2  SAR  frames,  at  different  acquisition  dates. 

Fig.  2  shows  an  example  of  a°  values  extracted  from  images 
corresponding  to  the  wet  season  (15/1 1/93)  and  to  the  diy  season 
(09/06/94).  The  analysis  can  be  synthesised  as  follows  : 

-  Forest  areas  have  shown  a  good  temporal  stability  in  a°. 
Lowland  forest  have  in  addition  a  good  spatial  stability 
values.  Small  temporal  changes  in  the  responses  (>  1  dB)  can 
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be  attributed  to  heavy  rainfall  or  dry  conditions.  Between  the 
forest  classes,  only  small  differences  (<  1  dB)  have  been 
measured.  The  same  trend  in  temporal  variation  has  been 
observed  with  forests  in  mountainous  areas.  However,  the 
backscatter  values  are  spatially  variable  due  to  the  relief  effect  (as 
much  as  10  dB,  from  -12  dB  to  -2  dB). 

Non-forest  classes  have  a  vride  range  of  backscatter  responses 
and  can  present  a  large  temporal  changes  : 

-  In  general  agricultural  crops  have  significant  temporal 
changes  due  to  the  combined  effect  of  vegetation  growth,  soil 
moisture  and  soil  roughness. 

-  Tree  plantations  can  have  a  variable  backscatter.  Mature 
plantation  were  found  stable  in  time  with  that  can  be  confused 
with  the  forest.  However  some  plantations  such  as  coconut  or 
palm  tree  have  higher  backscatter  than  the  forest.  Young 
plantations,  less  dense  in  terms  of  biomass,  tree  density  and  tree 
height  were  characterised  by  a  temporal  change  of  a°. 

-  Clear  cut  areas  can  have  a  large  range  of  backscatter 
responses  according  to  the  clear  cutting  practices,  which  result  in 
a  diversity  of  surface  conditions  (soil  roughness,  presence  of  tree 
trunks,  vegetation  regrowth). 

-  Other  non  temporally  stable  land  covers  include  swamps, 
savannah  and  water  bodies,  whereas  urban  areas  appear  particular 
with  high  backscatter  values  and  no  temporal  variation. 

3  -  METHODOLOGY 

Based  on  the  above  observations,  in  lowland  areas,  the  forest 
classes  can  be  characterised  by  their  backscatter  values 
(e.g.  :  7.5  dB  ±  1  dB)  together  with  their  temporal  change 
(e.g.  :  <  0.5  dB).  In  areas  with  relief,  only  the  temporal  change 
can  be  used  as  classifier,  unless  a  precise  DEM  is  available. 

The  method  developed  here  is  based  on  the  temporal  variation 
classifier.  The  threshold  for  forest  areas  corresponds  to  a 
temporal  change  of  less  than  1  dB.  The  optimum  data  acquisition 
dates  should  maximise  the  temporal  change  of  non  forest  classes. 
A  minimum  pair  is  one  acquisition  at  the  wt  season  and  one  at  the 
dry  season.  The  method  consists  of : 

1  -  Speckle  reduction  filtering  using  a  multitemporal  filter  that 
reduces  the  speckle  effect  significantly  while  providing  relatively 
less  damage  in  the  spatial  resolution  and  preserving  fine  structure 
[2].  This  filter  was  combined  with  a  simple  mean  filter. 

2  -  Temporal  image  ratioing  :  a  normalised  ratio  (called 
Temporal  Change  Index)  of  the  mean  backscatter  values  acquired 
at  different  dates  has  been  developed  to  quantify  the  temporal 
change  between  2  acquisitions.  Moreover,  the  ratio,  when  applied 
to  perfectly  overlaid  images,  permit  to  get  rid  of  the  relief  effect. 
As  the  ratio  is  very  sensitive  to  the  speckle  noise,  the  images  have 
to  be  strongly  filtered.  The  Effective  Number  of  Looks  (ENL) 
must  be  128  for  detecting  changes  >  1  dB  with  an  accuracy  of 
80  %  [3].  The  filtering  process  described  above  permitted  to 
reach  the  appropriate  ENL. 


3  -  Forest/Non  forest  Segmentation:  the  forest  /  non  forest  image 
is  generated  using  a  threshold  on  the  Change  Index  image.  On 
frames  with  no  relief  it  was  possible  to  improve  the  result  using 
the  backscatter  value  of  forests  in  order  to  discriminate  forests 
from  other  temporal  stable  land  cover  such  as  urban  areas  or  tree 
plantations. 

Fig.  3  to  6  show  respectively  2  ERS-1  acquisitions  on  one 
SAR  frame,  the  corresponding  Change  Index  image  and  the 
resulting  forest/Non  forest  segmentation. 

5  -  FOREST  /  NON  FOREST  MAP  OF  SOUTH  SUMATRA 

The  forest/non  forest  map  of  South  Sumatra  was  obtained  by 
making  a  mosaic  of  the  resulting  forest/non  forest  maps  over  the 
different  ERS-1  frames. 

Fig.  7  shows  the  result  of  the  mosaicking  of  forest/non  forest 
maps  of  a  large  part  of  South  Sumatra  (200x300  km).  The  resulting 
pixel  size  after  the  different  averaging  processes  is  about  150  m. 

6  -  CONCLUSION 

The  forest/non  forest  mapping  method  appears  very  promising 
in  spite  of  the  complexity  of  the  land-cover  distribution  and  the 
effect  of  the  relief 

Current  work  consists  in  evaluating  quantitatively  the  results 
which  are  provided  at  an  intermediate  resolution  (150  m) 
compared  to  high  resolution  optical  data  (SPOT,  Landsat)  and  low 
resolution  data  such  as  NOAA/avhrr.  At  a  specific  site,  the 
remaining  uncertainties  are  due  to  the  confusion  with  other 
temporally  stable  cover  classes.  In  mountainous  areas  those 
classes  include  also  the  shadow  and  the  bright  parts  of  the  images 
due  to  the  SAR  viewing  effect.  The  small  size  of  the  cover  classes 
will  also  be  a  limiting  factor  which  increases  the  uncertainties  in 
the  backscatter  values  and  their  temporal  ratio. 

Nevertheless,  the  forest/non  forest  mapping  results  appear  very 
promising.  A  strategy  for  deforestation  monitoring  will  consist  in 
updating  regularly  the  results  with  new  ERSl/2  data  in  regions  of 
active  deforestation. 
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Fig.  7  :  Mosaicked  Forest  /  Non  forest  map  of  South  Sumatra 
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ABSTRACT 

In  this  study,  ERS-1  Wind  Scatterometer  data  is  used  to 
map  regions  of  tropical  rainforest  in  the  Amazon  Basin, 
Africa  and  Borneo.  Within  these  regions  the  seasonal  and 
spatial  variations  of  the  backscatter  characteristics  are 
investigated.  Through  the  use  of  additional  spaceborne  SAR 
data  some  possible  explanations  are  presented  for  the 
characteristics  observed.  The  results  demonstrate  the 
potential  of  scatterometer  data  for  meso-scale  monitoring  of 
tropical  forest. 


INTRODUCTION 

The  ERS-1  Wind  Scatterometer  (WSC)  instrument  was 
designed  to  measure  the  near-surface  wind  field  over  the 
ocean  by  inferring  the  wind  from  measurements  of  the  surface 
radar  backscatter.  Backscatter  measurements,  however,  are 
also  made  over  land  and  several  studies  have  highlighted  the 
ability  of  space-borne  low  resolution  scatterometers  to 
distinguish  between  general  land  cover  classes  by  considering 
their  backscatter  characteristics  as  functions  of  incidence 
angle  and  time  [1]. 

The  WSC  can  provide  frequent  global  coverage  with  a 
repeat  cycle  of  <4  days,  and  unlike  optical  and  IR  instruments 
is  not  affected  by  persistent  cloud  cover.  While  the  nominal 
resolution  of  the  data  is  coarse  (50-km)  it  is  well  suited  for 
meso-scale  land  cover  monitoring  for  use  in  global  climate 
models. 


BACKGROUND 

"Tropical  rain  forest"  is  a  term  often  loosely  used  to 
describe  the  relatively  homogenous  areas  of  dense  forest 
found  astride  the  equator  in  Latin  America,  Africa,  South  East 
Asia  and  Australia.  For  the  purposes  of  forest  monitoring, 
however,  such  a  general  class  of  forest  type  is  grossly 
oversimplified.  The  UNESCO  regional  scale  land  cover 
maps  of  South  America,  for  example,  divides  forest  into  six 
sub-categories  [2].  Such  sub-categories  were  used  by  Long 
and  Hardin  (1994)  [3]  to  perform  a  supervised  classification 
of  the  Amazon  Basin  which  distinguished  four  sub-classes  of 
tropical  forest  using  enhanced  resolution  Seasat  (Ku-band) 
Scatterometer  data.  These  sub-classes  contained  a  mixture 
of  a  number  of  forest  types  (as  defined  by  the  UNESCO  data) 
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with  the  classes  of  higher  backscatter  having  progressively 
more  formations  of  "extremely  moist  forest",  and  "wet 
submontane  forest". 

Analysis  of  the  monthly  averaged  ERS-1  C-Band 
scatterometer  data,  however,  indicates  that  the  distinction 
between  regional-scale  forest  classes  is  not  so  clear.  Over  the 
range  -5.5  to  -7.5  dB  (in  y^a^/cosGj)  the  distribution  is 
approximately  Gaussian  with  a  mean  at  around  -6.5  dB.  Such 
results  are  supported  by  other  studies  which  have  tried  to  use 
C-band  VV  polarisation  backscatter  to  distinguish  forest  types 
in  tropical  areas.  The  histograms  in  Fig.  1  come  from  a  study 
of  ERS-1  PRI  SAR  data  of  Guyana  and  Colombia  [4]  and 
illustrates  that  although  it  may  be  relatively  easy  to 
distinguish  between  forest  and  non-forest,  there  is  little 
opportunity  to  discriminate  forest  types. 


TROPICAL  FOREST  MAPPING 

In  global  terms  tropical  forests  exhibit  the  following 
backscatter  characteristics: 

1  .A  very  stable  backscattering  signal  throughout  the  year, 
with  an  annual  variation  of  less  than  1  dB ; 

2.  Very  high  backscatter  (y>  -7dB)  at  angles  of  incidence 


ERS-1  PRI 


Secondary  forest 


Figure  1.  Backscatter  histograms  for  studied  cover  types  in 
Guyana  and  Colombia.  Data  derived  from  ERS-1  SAR.PRI 
images  on  April  29  1992  and  May  26  1992  (from  [4]). 
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above  45°;  and 

3.  Backscatter  as  a  function  of  incidence  angle 
characteristic  of  volume  scattering  (defined  here  as  (average  y 
in  15-30°  range)  -(average  yin  45-60°  range)  <  0.4  dB). 

Using  these  characteristics  as  classification  criteria  maps 
of  regions  composed  mainly  of  dense  tropical  rainforest  have 
been  made  for  the  Amazon  Basin,  Africa  and  Borneo  and  are 
shown  in  Fig.  2  (a)  to  (c).  Areas  classed  as  forest  have  been 
density  sliced  as  a  function  of  their  y  at  large  incidence  angles 
with  the  density  slices  in  steps  of  0.25  dB  in  mean  gamma 
from  -7.0  to  -5.75. 

While  there  are  no  discrete  regions  to  be  identified  in  these 
data,  the  maps  do  show  a  spatial  variation  in  the  backscatter 
over  large  areas.  Analysis  of  the  asymmetry  of  the 
measurements  in  these  regions  indicates  that  the  variation  is 
not  related  to  the  variation  in  topography  (directly)  but  may 
be  due  to  variations  in  levels  of  annual  precipitation  and 
therefore  regional  plant  vigour  or  surface  conditions  (either 
directly  in  the  form  of  increased  soil  moisture  and/or 
flooding,  or  indirectly  as  a  consequence  of  changes  in 
understory  vegetation).  Such  conclusions  are  supported  by 
analysis  of  ERS-1  SAR  PRI  images  over  the  Mabura  Hill  area 
in  Guyana  in  [4].  This  study  has  identified  a  seasonal 
difference  in  the  mean  backscatter  of  forested  regions  of  as 
much  as  IdB  between  wet  and  dry  seasons,  with  the  wettest 
season  giving  the  highest  backscatter.  Small  seasonal 
variations  (<0.75dB)  are  also  observed  in  the  scatterometer 
data.  The  small  magnitude  of  these  fluctuations  has  meant 
that  such  variations  have  often  been  overlooked  or  ignored  in 
the  past.  Figure  6  illustrates  the  seasonal  behaviour  of  the 
backscatter  in  the  Mabura  Hill  area  of  Guyana.  Both  the 
ERS-1  SAR  and  the  WSC  data  show  a  minimum  around 
October  during  the  dry  season.  The  magnitude  of  the 
seasonal  variation  is  a  consequence  of  the  different  incidence 
angles:  at  the  high  incidence  angles  of  the  plotted  WSC  data 
the  backscatter  is  less  dependent  on  the  surface  conditions 


than  the  steeper  incidence  angles  of  the  ERS-1  SAR.  This 
result  supports  the  suggestion  that  the  surface  characteristics 
are  the  prime  factor  determining  the  seasonal  behaviour. 

CONCLUSIONS 

Space-borne  low  resolution  scatterometer  data  clearly  has 
potential  as  a  means  of  monitoring  tropical  forests.  However 
it  is  likely  that  such  data  will  be  most  efficiently  used  in 
conjunction  with  complimentary  satellite  data.  Further 
analysis  of  the  scatterometer  data  over  tropical  forest  regions 
with  the  use  of  backscatter  models  to  predict  expected 
microwave  responses  should  help  to  identify  the  main 
biophysical  parameters  influencing  the  scatterometer 
observations. 
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Figure  2  (a)  See  next  page  for  description. 
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Figure  2.  Density  sliced  images  of  tropical  forest  regions  in  (a)  Amazon,  (b)  Africa,  and  (c)  Borneo.  The  density  slices  are  in 
steps  of  0.25  dB  with  the  darkest  regions  representing  yin  the  range  -7.0  to  -6.75  dB. 


Seasonal  Variation  of  Backscatter  over  Mabura  Hill 


-■-WSC  1992 
-^ERS-1  SAR  (mixed) 
-o-ERS-1  SAR  (logged) 


Figure  3.  Seasonal  behaviour  of  backscatter  in  the  Mabura  Hill  area  of  Guyana.  Solid  line  represents  the  WSC  measurements 
made  over  a  9  month  period  in  1992.  The  individual  points  are  measurements  made  from  ERS-1  SAR  data  for  different  land 
cover  types  (mixed  forest  and  logged  forest)  in  April,  June,  December  1992  and  October  1993  (from  [4]).  The  minimum 
occurs  during  the  dry  season. 
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1.  LOW-RESOLUTION  MONITORING 
OF  EARTH 

In  support  of  efforts  to  detect  and  measure  global  climate 
and  landcover  change,  remotely  sensed  imagery  is 
frequently  employed.  Because  these  monitoring  efforts  are 
truly  global,  low-resolution  sensors  are  frequently  preferred 
over  high  resolution  Landsat  and  SPOT  sensors.  For 
example.  Advanced  Very  High  Resolution  Radiometer 
(AVHRR)  imagery  and  its  derivative  vegetation  indices  are 
utilized  for  inexpensive  low-resolution  monitoring  of 
equatorial  forests  where  high-resolution  imaging  with 
Landsat-type  satellites  would  be  inappropriate. 

The  AVHRR  instruments  that  flew  on  polar  orbiters 
NOAA-7,  NOAA-9  and  NOAA-11  were  five-channel 
radiometers  capable  of  continuously  scanning  the  earth  with 
1  km  ground  resolution.  While  these  1  km  data  are 
available  for  limited  portions  of  Earth,  AVHRR  global  area 
coverage  (GAC)  data  are  resampled  on-board  the  satellite  to 
4  km  resolution  and  stored  for  later  transmission.  The 
popular  global  vegetation  index  products  derived  from  GAC 
data  are  further  resampled  to  resolutions  between  13  km 
and  26  km.  The  two  AVHRR  channels  typically  used  for 
vegetation  inventory  include: 

1.  0.58  to  0.68|im 

2.  0.725  to  1.10pm 

In  contrast  to  AVHRR,  microwave  radiometers  are 
electromagnetic  receivers  which  measure  radiation  in  the 
fi-equency  band  of  1-300  Ghz.  Microwave  radiometers  have 
proven  invaluable  for  collecting  global  geophysical 
information.  The  Special  Sensor  Microwave  /  Imager 
(SSM/I),  part  of  the  Defense  Meteorological  Satellite 
Program,  has  been  used  to  measure  cloud  water  content, 
precipitation,  snow  cover,  and  surface  temperature. 
Currently  two  SSM/I  instruments  are  operational.  SSM/I  is 
a  seven  channel,  four  frequency  radiometer.  The 
frequencies  include: 

1.  19.35  Ghz,  Vertical  and  horizontal  polarizations 

2.  22.235  Ghz,  Vertical  polarization  only 

3.  37.0  Ghz,  Vertical  and  horizontal  polarizations 

4.  85.5  Ghz,  Vertical  and  horizontal  polarizations 


The  3dB  footprint  for  the  SSM/I  ranges  from  13  to  69  km  - 
it  is  dependent  on  frequency  and  direction  (along-track  vs. 
cross-track). 

Whereas  microwave  radiometers  are  passive,  satellite 
scatterometers  are  active  microwave  instruments  originally 
designed  to  measure  the  radar  backscatter  of  the  ocean’s 
surface  under  all-weather  conditions.  The  first  spaceborne 
scatterometer  flew  as  part  of  the  Skylab  missions.  Between 
June  and  October  of  1978,  the  Seasat-A  Scatterometer 
(SASS)  was  able  to  obtain  nearly  continuous  global,  dual 
polarization  Ku-band  coverage  at  a  spatial  unit  cell 
resolution  of  50  km  for  nearly  100  days.  The  European 
Space  Agency  (ESA)  successfully  launched  its  ERS-1 
satellite  into  a  quasi-polar  mission-adjustable  orbit  in  the 
summer  of  1991.  The  instrument  payload  included  the 
Active  Microwave  Instrument  (AMI)  which  is  capable  of 
operating  in  a  vertically  polarized  wind  scatterometer  mode 
(5.3  Ghz)  for  the  production  of  50  km  resolution  cell  wind 
vector  products.  Other  scatterometer  launches  are  planned. 

With  the  exception  of  AVHRR,  the  primary  mission  of 
all  the  instruments  described  has  been  the  remote  sensing  of 
the  earth’s  atmosphere  and  ocean.  This  is  not  surprising, 
because  most  land  imaging  applications  require  spatial 
resolutions  finer  than  the  footprints  appropriate  for  large 
ocean  expanses  or  atmospheric  sounding.  However,  a  new 
multivariate  image  reconstruction  technique  [1]  has 
improved  the  resolution  of  imagery  produced  by  SASS,  the 
ERS-1  scatterometer,  and  SSM/I  to  resolutions  between  5 
and  20  km,  making  them  candidates  for  medium-scale 
monitoring  of  cloucty  global  areas  such  as  the  Arctic, 
Antarctic,  and  continental  equatorial  forests.  Furthermore, 
successful  efforts  have  been  made  to  remove  atmospheric 
distortion  in  the  SSM/I  data  [2]. 

One  goal  of  the  research  reported  in  this  paper  is  to 
combine  these  reconstructed  image  data  sets  with  AVHRR 
vegetation  index  images  for  discriminating  between 
vegetation  formations  in  central  South  America.  This  also 
provides  an  opportunity  to  compare  the  utility  of  the  various 
image  types  for  equatorial  vegetation  discrimination  in 
general. 
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IL  METHODOLOGY 

Reconstruction  of  SASS  imagery  is  discussed  elsewhere 
[1].  The  reconstructed  image  used  for  this  project  (Figure 
1),  was  composited  from  data  collected  over  central  South 
America  from  July  1  to  October  10,  1978.  Only  vertically 
polarized  data  acquired  with  incidence  angles  between  23® 
and  55®  degrees  with  noise  below  a  certain  predetermined 
level  were  used.  Additionally,  orbits  for  which  the 
spacecraft  attitude  determination  were  in  error  were 
excluded. 


Figure  1.  Reconstructed  SASS  image. 


In  order  to  maximize  the  fairness  of  any  comparison 
with  SASS  (which  had  a  limited  life),  an  NDVI  composite 
was  constructed  for  the  same  seasonal  period,  albeit  in  1982 
(Figure  2).  This  was  the  earliest  AVHRR  imagery 
available.  The  process  of  creating  the  NDVI  composite  has 
already  been  described  [3]. 


Figure  2,  The  A  VHRR-derived  NDVI  image 


The  SSM/I  data  used  in  this  project  was  acquired  during 
September  of  1992.  Since  SSM/I  has  seven  channels,  seven 
images  were  reconstructed.  A  discussion  of  the  SSM/I 
reconstruction  process  is  reported  in  these  proceedings  [4] 


and  will  not  be  repeated  here.  The  images  used  in  this 
research  are  also  available  in  that  reference. 

Discriminating  between  equatorial  vegetation  using 
reconstructed  ERS-1  imagery  is  also  reported  in  these 
proceedings  [5]  for  the  interested  researcher  to  review. 
Although  ERS-1  data  for  that  research  was  acquired 
between  April,  1992  and  May,  1995,  only  the  data  from  July 
1  through  September  30,  1992  were  composited  for  this 
project  “  roughly  the  seasonal  time-frame  associated  with 
the  SASS  imagery. 

Since  all  the  images  were  reconstructed  to  differing 
resolutions  between  5  and  20  km,  the  images  were  all 
resampled  to  the  lowest  common  resolution  (20  km),  cast  to 
a  common  projection  using  nearest  neighbor  resampling, 
and  registered. 

A  simple  experiment  was  devised  to  test  the  utility  of  the 
reconstructed  imagery  and  AVHRR  for  discrimination 
between  broad  vegetation  classes  within  the  study  area  of 
central  South  America.  Using  the  1: 5,000,000-scale 
Vegetation  Map  of  South  America  [6],  large  homogeneous 
rectangular  regions  for  15  different  vegetation  formations 
were  delimited.  A  total  of  21  rectangular  regions  were 
delineated,  totaling  over  566,000  km^.  Once  these  regions 
were  defined,  the  pixels  from  the  SSM/I,  SASS,  ERS-1  and 
NDVI  images  were  extracted  for  each  and  saved  for  further 
analysis.  In  the  discrimination  to  be  described  next,  only 
one-third  of  the  pixels  for  each  of  the  15  formations  were 
used  for  training.  The  remaining  two-thirds  were  reserved 
for  testing  the  discrimination. 

To  establish  a  baseline  estimate  of  discrimination  ability, 
there  was  an  initial  analysis  to  classify  the  15  vegetation 
formations  using  linear  discriminant  functions  generated 
from  the  training  set  classes.  After  the  baseline 
classification  was  established,  the  original  15  categories 
were  regrouped  into  a  set  of  10  categories  to  improve  the 
accuracy.  This  was  done  primarily  by  combining  the  forest 
formations. 

To  limit  the  complexity  of  the  iterative  discrimination, 
we  selected  only  one  SMM/I  band  to  include  with  the 
SASS,  ERS-1  and  NDVI  images.  From  initial  tests,  we 
found  the  85H  channel  to  be  slightly  superior  to  the  others 
for  discriminating  between  the  vegetation  classes.  It  was 
used  in  the  discrimination  analysis. 

Since  the  goal  of  this  research  is  to  combine  these  data 
sets  and  compare  them  for  discrimination  of  vegetation,  all 
possible  combinations  of  ERS-1,  SASS,  NDVI  and  SSM/I 
85H  were  tried  in  the  experiments  in  order  to  find  the 
optimum  combination  for  classification.  Coefficients  for 
Fisher’s  linear  discriminant  function  were  generated  using 
the  training  data.  The  functions  were  then  applied  to  each 
pixel  in  the  test  data  set.  Accuracy  was  assessed  by 
counting  the  number  of  pixels  in  each  vegetation  class 
which  were  correctly  classified  by  the  discriminant 
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fiinctions.  The  results  were  also  summarized  in  confusion 
matrices. 

III.  RESULTS 

The  average  image  values  for  the  15  original  classes  are 
shown  in  Table  1.  Variance  values,  some  substantial,  are 
not  shown  in  order  to  conserve  space.  In  general,  there  is 
agreement  in  trend  between  the  values.  The  equatorial 
forests  have  the  highest  backscatter,  while  the  shrublands 
and  grasslands  have  the  lowest. 

As  shown  in  Table  2,  the  best  single  image  for 
classifying  the  15  vegetation  classes  is  ERS-1.  However, 
the  performance  of  all  the  single  images  is  abysmal,  with 
accuracy  ranging  from  22%  to  30%.  When  two  images  are 
used  together,  the  highest  classification  accuracy  is  obtained 
when  85H  is  combined  with  either  ERS~1  or  NDVI  (51%  - 
52%).  As  might  then  be  expected,  when  ERS-1  is 
combined  with  both  NDVI  and  85H,  the  accuracy  increases 
further  (63%).  Using  all  four  images  produces  an  accuracy 
of  67%.  For  the  sake  of  comparison,  we  also  report  that 
the  classification  accuracy  using  the  seven  SSM/I  channels 
alone  is  61%.  When  all  ten  images  are  utilized  together, 
the  classification  accuracy  exceeds  74%. 

Grouping  the  forest  classes  substantially  improves  the 
classification  accuracy,  as  does  grouping  two  campos 
cerrados  classes.  The  trend  in  the  discrimination  analyses 
for  the  ten  collapsed  groups  follows  the  pattern  established 
for  the  previous  experiment.  Using  SASS,  ERS-1,  NDVI, 
and  85H  together  produces  an  accuracy  of  90%.  When  the 
experiment  is  repeated  with  all  seven  SSM/I  bands,  the 
classification  accuracy  increases  significantly  to  93%. 

IV.  CONCLUSION 

Given  the  results  of  the  discrimination  experiments,  the 
following  conclusions  can  be  made. 

1.  Reconstructed  radiometer  imagery  appears  to  have 
greater  potential  for  discriminating  between  equatorial 
vegetation  than  either  reconstructed  C-band  or  Ku-band 
imagery. 

2.  Reconstructed  C-band  imagery  is  only  slightly  better 
than  reconstructed  Ku-band  imagery  for  vegetation 
discrimination  when  combined  with  other  reconstructed 
image  types. 

3.  Use  of  all  possible  reconstructed  images  achieves  the 
highest  possible  classification  accuracy. 

4.  The  different  forest  classes  are  difficult  to  distinguish 
between,  although  easily  distinguishable  from  non-forest 
classes. 

Perhaps  the  most  intriguing  aspect  of  the  discrimination 
analysis  is  the  superior  value  of  reconstructed  SSM/I 
imagery  for  distinguishing  between  equatorial  vegetation. 
Clearly  more  research  is  warranted  in  SSM/I  reconstruction. 
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-11.1 

0.18 

280.6 

Chaco 

-9.5 

-9.7 

0.16 

283.8 

Campos  cerrados  north 

-10.0 

-10.3 

0.15 

286.4 

Degraded  lowland  woodlands 

-10.7 

-10.8 

0.15 

** 

Degraded  campos  cerrados 

-11.18 

-11.3 

0.14 

280.0 

Degraded  formation 

-9.8 

-10.0 

0.09 

286.3 

Caatinga 

-9.3 

-9.6 

0.08 

286.1 

Table  1.  Mean  values  for  the  15  vegetation  classes. 


**  Unavailable  at  publication  time. 


Images  used 

Accuracy  % 

NDVI 

21.6 

SASS 

23.8 

85H 

24.2 

ERS-1 

29.8 

SASS,  ERS-1 

40.0 

ERS-1,  NDVI 

48.6 

SASS,  85H 

48.9 

SASS,  NDVI 

49.1 

ERS1,85H 

51.1 

NDVI,  85H 

51.5 

SASS,  ERS-1,  NDVI 

53.8 

SASS,  ERS-1,  85H 

58.7 

SASS,  NDVI,  85H 

58.8 

ERS-1  NDVI,  85H 

62.8 

SASS,  ERSl,  NDVI,  85H 

66.7 

Seven  SSM/I  channels  alone 

60.9 

SASS, ERSl,  NDVI,  seven  SSM/I  diannels 

74.4 

Table  2.  Results  from  the  15  group  discrimination 


analysis. 
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Abstract:  Trace  concentrations  of  NO2,  other  nitro¬ 
compounds,  R-NOj,  and  brominated  species  are  detected 
by  one  color,  laser-induced  photofiragmentation/  fragment 
detection  spectrometry.  Laser  radiation  near  226  nm  is 
used  to  both  jdiotolyze  the  nitrocompound  and  to 
facilitate  the  det^on  of  the  characteristic  NO  fragment 
by  1  -f- 1  resonance-«dianced  multiphoton  ionization 
(REMPI)  via  its  A^E^-X^  (0,0)  transitions.  Similarly, 
laser  radiation  ^  260.63  nm  is  used  to  fragment  the 
target  brominated  compound  and  excite  the  characteristic 
Br  atom  photofragment  via  its  two-photon  4p‘‘5p  ^0*3/2  *- 
4p^  ^P“3/2  transition.  Detection  of  Br  is  accomplished  by 
2-f-l  REMPI,  and  by  laser-induced  fluorescence  and  sti¬ 
mulated  emission  via  the  4p^5p  4p*5s 

transitions  at  844  and  751.5  nm.  The  analytical  merits  of 
the  technique  are  evaluated  and  discussed,  and  the  limits 
of  detection  for  various  compounds  reported. 

INTRODUCTION 

Concerns  related  to  public  health  and  the  environment 
have  generated  great  interest  in  the  development  of  fast, 
sensitive,  and  cost  effective  devices  for  monitoring  trace 
contaminants  in  the  atmosphere,  water,  and  soil.  Laser 
photoftagmentation/fragment  detection  (PF/FD)  tech¬ 
niques  off^  real-time  monitoring  capabilities  with  high 
sensitivity  and  selectivity,  and  can  be  used  for  either 
point  or  remote  sensing  [1].  The  PF/FD  ^)proach  is 
particularly  useful  for  large  molecules  which  are  weak 
fluorophors  or  predissociate  with  the  absorption  of  laser 
radiation.  One-color  PF/FD  is  based  on  the  use  of  a 
single  lasCT  operating  at  a  fixed  frequency  to 
photofragment  the  target  compound  into  characteristic 
atomic  or  diatomic  fragments,  and  to  facilitate  their 
detection  by  lasor-induced  fluorescence  (LEF),  resonance- 
enhanced  multiphoton  ionization  (REMPI)  or  possibly  by 
stimulated  emission  (SE).  The  detection  of  these  species 
by  such  methods  is  feasible  since  they  possess  favorable 
combination  of  strong  optical  transitions,  and  sharp,  well 
resolved  spectral  features.  Reported  in  this  p^per  are 


studies  of  PF/FD  techniques  for  measuring  trace  levels 
of  various  nitrocompounds  and  brominated  compounds. 

EXPERIMENTAL 

The  experimental  apparatus  has  been  described  in 
detail  elsewhere  [2,3].  Briefly,  the  experimental  set  up 
consists  of  a  tunable  laser  with  frequency  doubling 
crystal,  a  simple  flow  cell  (350  cm^)  equipped  with  an 
ion  and  photodetector,  and  a  data  acquisition  and 
analysis  system.  REMPI  detection  is  accomplished  with 
miniature  dectTodes  (1.5  cm^,  while  LIF  and  SE 
detection  is  accomplished  by  a  photomultiplier/filter 
combination  (10  nm  fwhm).  The  data  acqmsition  system 
consists  of  a  125  MHz  digital  oscilloscope,  boxcar 
integrator,  and  PC-AT  computer. 

RESULTS/DISCUSSION 

The  relevant  reactions  pertinent  to  NO2  detection  by 
PF/FD  at  226  nm  may  be  written  as  follows: 

NO2  -I-  hi»,  -  NO(X^II)+  0('D)  (1) 

NO(X^  +  2h»'2  -  NO^(X'E^)  -1-  e-  (2) 

where  (1)  represents  the  laser  photofragmentation  step 
yielding  NO,  and  (2)  r^resents  the  1  + 1  REMPI  of  the 
NO  fragment  via  its  A^E"^  intermediate  state.  An 
Mhanrmnfait  in  the  NO  ion  signal  is  observed  since  the 
A^*  state  is  resonant  with  the  energy  of  the  226-nm 
photon.  The  processes  represmited  by  (1)  and  (2)  are 
very  fast,  occurring  in  the  duration  of  the  laser  pulse, 
approximately  10^  s  for  our  experiment.  Also,  h:',=hj»2 
since  the  same  lasM  frequency  is  used  for  both 
photofragmentation  and  subsequent  fragment  ionization. 

Fig.  1  shows  the  ionization  spectra  of  trace  levels  of 
NO  and  NO2  in  air  at  different  pressures.  The  spectra 
were  recorded  at  10  Hz  with  a  scan  rate  of  0.005  nm/s, 

3  pulse  averaging,  and  an  electrode  voltage  of  150  V. 

A  comparison  of  the  ionization  spectra  reveals  that  the 

Research  Initiative  Program  and  the  Strategic  Environmental 
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WAVELENGTH  (nm) 

Fig.  1.  Ionization  spectra  of  6  ppm  of  NO  at  100  Tonr 
(A),  and  NO  generated  from  6  ppm  of  NO^  at  100 
Torr  (B)  and  760  Tonr  (C). 

features  are  similar,  corresponding  to  the  NO  A^E  -  X^II 
(0,0)  band.  The  bandheads  displayed  in  the  spectra  arise 
from  the  and  spin-<»rbit  components  of  the  NO 
ground  electronic  state.  As  shown  in  Fig.  2C,  the 
majority  of  the  rotational  features  are  resolved  at  760 
Torr  to  the  baseline,  confinning  their  identification.  The 
ionization  spectra  collectively  demonstrate  both  the 
spectral  selectivity  and  feasibility  of  the  method  for 
ambient  measurements.  NO  and  NOj  are  easily  dis¬ 
criminated  from  other  interfering  species  based  on 
excitation  wavelength,  but  cannot  be  differentiated  from 
each  other  since  only  the  total  ion  signal  is  measured. 
Recent  results  firom  our  group  reveal  that  the  226-nm 
photolysis  NO2  yields  NO  with  significant  rovibrational 
excitations.  Thus,  NOj  can  be  differentiated  from  ambient 
NO  by  monitoring  the  internal  energy  distributions  of 
both  fragment  and  ambient  NO. 

The  limits  of  detection  (LODs)  of  NO2  and  oth^ 
nitrocompounds  are  presented  in  Table  I.  In  the  present 
study,  the  LOD  is  defined  as  the  concentration  of  the 
analyte  equal  to  three  times  the  standard  deviation  of  the 
background  noise  evaluated  from  16  independent 
measurements  either  in  the  absence  of  sample  or  by 
tuning  the  laser  to  227.4  nm,  an  off-resonance  transition. 
The  signals  w^e  integrated  for  10  s  at  10  Hz  with  100 
pulse  averaging.  As  shown  in  Table  I,  the  LODs  for  NO 
and  NO2  are  1  and  22  ppb,  respectively,  while  those  of 
the  other  nitrocompounds  range  in  the  sub  to  low  ppm. 
The  high  sensitivities  achieved  is  a  reflection  of  the  high 
efficiency  of  both  the  photofragmentation  and  ionization 
processes  employed.  The  extension  of  this  technique 
using  visible  laser  radiation  for  NO^  detection  and  near 


Table  L  LODs  (ppm)  of  various  nitrocompounds 
using  PF/FD  at  226  nm.  Laser  energy  ^  10 


Species:  NO  NO2  CH3N02  C^H5N02  TNT 

LODs:  0.001  0.022  0.220  ^1  ^1 


ultraviolet  radiation  for  nitrocompound  detection  is 
presently  being  investigated. 

In  the  case  of  brominated  compounds,  the  laser  is 
tuned  to  the  strong  two-photon  ^  4p^3« 

transition  of  Br  at  260.634  nm,  and  is  used  to  both 
photofragment  the  target  molecule  and  facilitate  the 
detection  of  diaracteristic  Be  fragment  by  2+ 1  REMPI, 
UF,  and  SE  (see  Fig.  2).  The  SE  signal  is  distinct  from 
the  LIF  signal  in  that  it  is  coherent,  bidirectional,  and 
propagated  coaxially  with  the  laser  beam.  Also,  it  is 
^proximately  two  orders  of  magnitude  larg^  than  the 
LIF  signal  as  a  result  of  photophysical  amplification. 

A  comparison  study  of  REMPI,  UF,  and  SE  detection 
techniques  has  been  performed  for  CFjBr  and  CHCIBrj, 
and  estimates  of  their  LODs  are  presented  in  Table  n. 
The  PF/REMPI  technique  exhibits  excellent  sensitivity 
with  LODs  in  the  ppb  range.  Arepalli  et  al.  have  also 
used  this  technique  and  estimated  an  LOD  of  0.4  ppb 
for  Br  atoms  generated  from  HBr  and  other  brominated 
compounds  [4].  It  should  be  noted,  however,  that  the 
compounds  were  sampled  in  pure  form  and  at  much 
lov/ee  pressures  (10"^  Torr)  than  were  used  in 
the  present  studies,  and  extrapolation  of  their  results  to 
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Fig.  2.  A  partial  potential  energy  diagram  of  Br. 
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Table  n.  LOD  estimates  (ppm)  of  CHOBr,  and 
CHBfj  at  260.635  nm.  Laser  energy  ~  100  #J. 


PF/REMPI 

PF/UP 

PF/SE^ 

CHClBr,  0.022 

0.25 

10 

CHBr,  0.025 

0.35 

20 

*  Detection  at  5  cm  from  sample 

“  Detection  at  2  m  from  sample 

dilute  samples  in  a  buffer  gas  matrix  is  difficult. 
Nonetheless,  in  both  studies  the  absolute  number  of  Br 
atoms  detected  at  the  LOD  are  very  similar,  on  the  order 
of  10"- 10*. 

Although  high  sensitivities  are  achieved  with  the 
PF/REMPI  reproach,  it  is  suscq)tible  to  high  background 
noise  anH  interference  due  to  nonresonant  multiphoton 
kmization.  It  was  obsCTved  experimentally  that  the 
nmgnihiA»  of  the  background  near  260  nm  represented  as 
much  as  50%  of  the  total  ionization  signal  when  the  laser 
is  resonant  with  the  Br  transition.  This  indicates  that 
alternative  ionization  processes  originating  firom  parent 
molecule  and/or  other  daughter  fragments  are  operative. 
Thus,  the'  technique  appears  to  be  limited  to  relatively 
low  laser  pulse  energies. 

Table  n  reveals  that  the  sCTsitivities  obtained  by 
PF/LIF  are  an  order  of  magnitude  lower  that  those 
obtained  by  PF/REMPI.  This  difference  in  sensitivity 
results  primarily  from  the  hi^  background  and  las^ 
scatter  inherent  in  these  PF/LDF  measurements,  and  is  not 
necessarily  characteristic  of  the  teduuque.  The  analytical 
capability  of  this  iqiproach  can  be  improved,  howevCT,  by 
better  system  design,  i.e.  the  addition  of  light  bafrles, 
signal  collection  optics,  and/or  spectrometer. 

Table  n  also  reveals  that  ppm  levels  of  CHClBrj  and 
CHBrj  can  be  detected  by  PF/SE.  It  should  be  noted  that 
the  LODs  were  detomined  by  measuring  the  signal  with 
the  detector  at  2  m  from  the  sample.  The  analytical 
potential  of  the  technique  is  also  high  and  it’s  ctqiabilities 
can  be  improved.  The  background  noise  of  the  SE 
approach  is  low,  unlike  REMPI  and  LIF,  and  can  be 
maflft  even  lower  with  jqipropriate  shielding  of  the 
detector.  Furthermore,  since  the  signal  is  coherent  and 
the  background  wnission  is  incoherent,  increasing  the 
laser  intensity  to  saturation  conditions  will  greatly 
the  Sensitivity  without  compromising  the  signal- 
to-noise  ratio.  The  SE  signal  is  also  coaxial  with  the 
laser  beam,  and  thus  can  easily  be  separated  with  filters 
or  prisms.  Moreov»,  since  it  is  bidirectional,  it  only 


requires  "(me  window  a(xess"  to  the  sample 
environment.  This  has  important  implications  for 
lyfvaMing  remote  or  hostile  environments  and  also  for 
coupling  to  fib«r  optic  probes.  The  extension  of  the 
PF/FD  techniques  to  other  halogenated  compounds  such 
as  chlorofluorocarbons  is  also  being  investigated. 

CONCXUSION 

The  analytical  utility  of  laser  photofragmentation  with 
subsequent  fragment  REMPI,  IIF,  and  SE  detection  has 
been  demonstrated  for  trace  ambient  concentrations  of 
various  brominated  and  nitrocompounds.  The  character¬ 
istic  spectral  features  of  the  NO  and  Br  fragments  ate 
sufficiently  resolved  at  1  atm,  indicating  that  the  PF/FD 
technique  is  highly  sdective  based  on  wavelength 
excitation.  The  LODs  for  the  various  compounds  range 
from  low  ppb  to  low  ppm  with  an  instrument  response 
tiiw.  of  10  s  and  relatively  low  lasor  pulse  mergy  (tens 
of  microjoules).  An  increase  in  sensitivity  is  projected 
with  an  improved  syst^  design  and  utilizing  higher 
pulse  energies.  Faster  response  times  are  also  possible 
by  operating  the  laser  at  a  higher  r^ietition  rates,  i.e 
100  Hz,  without  compromising  the  number  of  pulses 
averaged.  The  attributes  of  the  PF/FD  approach  and  the 
simplicity  of  the  instrumentation  make  it  a  viable 
altonative  to  conventional  methods  for  continuous 
monitoring  of  trace  contaminants. 
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ABSTRACT 

The  Laser  Induced  Breakdown  Spectroscopy  (LIBS) 
technique  has  become,  in  these  last  years,  a  reliable  tool  for 
very  fast  multi-elemental  pollutants’  analysis  in  atmosphere, 
solid  matrix  and  liquids  [  1  ]. 

Its  principle  of  operation  lies  in  the  avalanche  ionization 
effect  (optical  breakdown)  produced  by  an  intense  laser 
beam  focused  on  the  sample  to  be  investigated.  Under  the 
effect  of  the  intense  EM  field  of  the  laser,  the  material  is 
separated  in  its  atomic  constituents,  vrith  a  very  high  degree 
of  ionization  and  electron  temperatures  reaching  several  tens 
of  eV.  With  the  recombination  of  atoms  and  electrons,  an 
extremely  intense  emission  of  light  (laser  spark)  takes  place. 
The  latter  is  collected  and  analysed  for  discerning  the 
characteristic  emission  lines  of  the  different  elements  in  the 
sample. 

Among  the  many  advantages  of  LIBS  technique  with 
respect  to  standard  methods,  either  chemical  or  laser-based, 
it  may  be  appropriate  to  quote  the  possibility  of  getting 
quantitative  ioformation  on  the  whole  sample  composition 
in  a  single  run,  through  the  simultaneous  detection  of  the 
emission  line  patterns  of  different  elements  present  in  the 
material  under  analysis. 

This  peculiar  feature  of  the  LIBS  system  allows  for  very 
fast  sample  analysis  and  thus,  when  necessary,  for 
continuous  monitoring  of  its  composition.  The  applications 
of  the  LIBS  technique  to  industrial  exhausts  monitoring 
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take  a  great  advantage  of  this  characteristics,  along  with  the 
possibility  of  LIBS  operation  in  hostile  environment. 

In  fact,  being  the  LIBS  method  essentially  non-invasive, 
remote  controllable  and  fiiUy  automated,  it  is  possible  to 
arrange  a  setup  m  which  the  most  delicate  parts  of  the 
apparatus  are  kept  protected  in  a  safe  environment  far  apart 
from  the  dangerous  and/or  potentially  damaging  site  to  be 
monitored.  Remote  operation  is  also  useful  in  polluted  soil 
and  water  analysis. 

APPLICATIONS 


The  LIBS  system  is  composed  by  the  following  elements 
(Tab.l) 


•  Laser  source 

Q-switched  Nd;YAG 

Pulse  width 

8ns 

Energy/pulse 

400mJ 

Repetition  rate 

lOHz 

•  Spectrograph 

type 

Czemy-Tumer 

focal  length 

1  m 

grating 

1200g/mm 

•  O.M.A. 

Spectral  range 

2000-9000A 

resolution 

o.sA 

•  PC  386 
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Its  TtifliTi  elements  are  a  Q-Switched  NdrYAG  laser 
operating  at  the  fundamental  wavelength  (1064  nm),  a 
monochromator,  an  optical  multichannel  analyser  and  the 
acquisition  system. 

In  last  years,  the  IF  AM  LIBS  prototype  has  been  used  for 
pollutants  diagnostics  in  gas,  solid  and  liquid  samples,  both 
in  laboratory  and  “on  the  field”. 

Mercury  detection  in  air  (laboratory  measurement) 

Due  to  its  intrinsic  danger  even  at  very  small 
concentrations,  mercury  is  one  of  the  most  interesting 
pollutant  that  can  be  successfidly  monitored  with  our 
technique.  It  should  be  noted  that  usual  chemical  techniques 
for  detection  of  mercury  in  air,  although  very  precise,  require 
a  quit  lengthy  procedure  involving  pumping  of  a  great 
quantity  of  the  air  for  increasing  the  quantity  of  metal  to  be 
detected,  reduction  of  mercury  on  gold,  flushing  in  inert  gas 
and  optical  analysis  of  the  extracted  residual  by  fluorescence 
methods.  On  the  other  hand,  laser  based  techniques  as  DiAL 
can  give  precise  results  in  real  time,  but  it  is  not  possible  to 
use  them  for  short-range  analysis. 

With  the  aim  of  testing  the  sensitivity  of  our  LIBS  system 
we  simulated  a  mercury  contamination  in  atmosphere  by 
filling  the  experimental  vessel  with  an  air  sample  at  NTP 
with  known  mercury  concentration.  We  can  estimate  the 
maximum  sensitivity  of  our  LIBS  system  as  the  smallest 
mercury  concentration  for  which  a  spectral  line  signal  is  still 
detectable  against  the  background.  With  our  experimental 
set-up  we  were  able  to  detect,  without  particular  difficulties, 
mercury  concentration  as  low  as  5  parts  per  biUion  (ppb),  a 
figure  quite  interesting  since  it  corresponds  to  a 
concentration  weU  below  the  health  danger  threshold  for  this 
pollutant. 

Diagnostics  of  smokes  fi’om  power  plant  {in  situ 
measurement) 

The  field  measurements  have  been  carried  out  on  the  150 
MW  oil-fired  Livorno  power  plant.  Figure  1  shows  the 
arrangement  of  the  instrument  on  the  plant.  Smoke 
temperature  was  about  150°C;  solid  particulate  volume 

fraction  was  about  10“^* 

The  laser  beam  was  focused  into  the  flue  duct  by  means  of 
a  small  lens;  the  U.V-visible  light  emitted  by  the  plasma  was 
collected  by  the  same  lens  and  focused,  through  a  second 
lens,  onto  the  fiber  optic,  which  transmitted  the  light  to  the 
entrance  slit  of  the  spectrometer  (slit  width  5  |un). 


Fig.  1  -  Experimental  set-up;  flue  duct  vertical  view. 


No  optical  windows  were  needed  since  the  plant  is 
operating  at  low  pressure;  a  short  focal  length  lens 
(250mm)was  used,  directly  inserted  inside  the  duct  in  order 
to  obtain  an  intense  plasma  signal. 

Different  spectral  regions  were  scanned;  the  rotation  of  the 
grating  was  computer  controlled.  The  acquisition  of  optical 
multichannel  analyser  was  delayed  with  respect  to  the 
breakdown  process  in  order  to  obtain  a  better  selectivit)^, 
decay  of  background  continuous  emission  occurs  in  fact 
faster  tban  line  emission.  In  ori  .r  to  optimize  the  S/N  ratio, 
in  the  present  field  tests  the  delay  time  was  fixed  at  2.2|rs. 

Figures  2  and  3  show  some  experim^tal  spectra  resulting 
from  the  averaging  of  250  pulses. 


Fig.2  -  LIBS  spectrum  from  power  plant  smokes. 
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Fig.3  -  LIBS  spectrum  from  power  plant  smokes. 


Acquisition  and  spectral  scanning  was  performed  with  a 
commercial  software.  The  analysis  software  has  been 
purposely  developed  by  CNR/IFAM  (DataLIBS),  which 
automatically  marks  the  peaks  of  emission  lines,  compares 
the  corresponding  wavelengths  with  a  database  of  atomic 
and  molecular  hnes  and  finally  supplies  the  operators  with  a 
list  of  the  trace  pollutants  identified.  During  the  software 
development,  particular  care  has  been  taken  to  the  proper 
handling  of  multiple  assignations. 

Before  starting  the  measurements  inside  the  duct,  a 
number  of  acquisitions  outside  the  duct  were  performed  iu 
order  to  evaluate  the  background  signal  and  to  be  sure  that 
the  spectral  lines  detected  were  in  fact  emitted  by  metals 
present  in  the  smokes. 

The  analysis  of  the  spectra  shows  that  many  metallic 
elements  are  clearly  identifiable  in  the  power  plant  smokes: 
among  them  it’s  worth  to  mention  Ni,  V,  Ti,  Mg,  Fe.  The 
laboratory  analysis  of  a  sample  of  the  heavy  oil  confirmed 
the  presence  of  the  same  elements. 

Diagnostic  of  pollutants  iu  soil  (laboratory  measurement) 

The  LIBS  technique  has  been  also  applied  to  iuvestigate 
the  presence  of  heavy  metals  in  certified  soil  samples,  where 
pollutant  species  were  contained  iu  the  concentration  range 
of  a  few  ppm.  Due  to  a  large  number  of  atomic  constituents 
in  soil  samples,  the  problem  of  a  correct  identification  of 
spectral  lines  arises  with  the  need  to  discriminate,  within 
the  spectral  resolution  of  the  system,  among  the  various 
emitting  species. 

A  certified  soil  sample  (GXR-2)  from  US  Geological 
Survey  [12]  has  been  used  to  tests  the  performances  of  the 
LIBS  set-up.  The  investigated  soil  sample  has  been  pressed 
to  form  solid  pellets  prior  to  LIBS  analysis.  A  list  of 
constituents  identified  is  given  in  table  2,  along  with  the 


reported  concentrations  in  the  sample  (recommended  values, 
following  the  review  of  Gladney  et  al.  [1  ]). 


Table  2.  GXR-2  sample 


Element 

Recommended 

values 

Experimental  S/N 

Al 

18.6  ±  0.4  % 

>  10 

Ca 

8200  ±  400  ppm 

>  10 

Co 

9  ±2  ppm 

7 

Cr 

37  ±  10  ppm 

3 

Cu 

not  given 

4 

Fe 

1.9  +  0.23% 

>  10 

Hg 

3,2  ±0.2  ppm 

2 

Mg 

0.88+0.05% 

>  10 

Mn 

960  ±  100  ppm 

>  10 

Mo 

1.5  +  0.5  ppm 

4 

Ni 

18  ±  3  ppm 

8 

Pb 

615  ±  15  ppm 

2 

Sb 

48  +  5  ppm 

6 

Si 

23.0+2.2% 

>  10 

Sr 

280  ±  60  ppm 

4 

Ti 

2800  ±  300  ppm 

>  10 

w 

1.8 +  0.2  ppm 

4 

Zn 

500  ±  60  ppm 

8 

CONCLUSION 

The  applicability  of  the  LIBS  technique  for  laboratory 
and  in  situ,  on-line  detection  of  pollutants  in  gas,  solid  and 
liqxud  samples  has  been  demonstrated. 

The  technique  has  shown  an  high  selectivity  and 
sensitivity.  Continuous  and  simultaneous  monitoring  of 
several  atomic  species  is  possible  due  to  its  fast  time 
response. 
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Abstract —  Laser-induced  breakdown  spectroscopy 
(LIBS)  is  a  rapid  remote  measurement  method  for  de¬ 
termination  of  levels  of  metals  in  the  environment.  A 
major  factor  in  the  acceptance  of  this  technique  involves 
the  detection  limits  under  both  laboratory  and  field  op¬ 
erations.  Research  on  limits  of  detection  of  heavy  metals 
in  different  types  of  soils  under  various  conditions  using 
LIBS  has  been  carried  out.  Pulses  from  a  Nd;YAG  laser 
operating  at  150  mJ  at  A  =  1.06  lam  are  focused  on  sam¬ 
ple  surfaces  to  produce  laser  sparks  (plasmas).  Atomic 
emissions  from  the  plasmas  are  recorded  using  an  optical 
multichannel  analyzer  after  delays  of  a  few  microseconds 
when  interference  from  broadband  emissions  is  reduced. 

Research  has  been  performed  on  the  detection  limits  of 
As,  Cd,  Cr,  Hg,  Pb,  and  Zn  in  soil  matrices.  Results  are 
reported  on  the  detectability  of  Cr  in  sand  samples. 

The  LIBS  method  described  is  well-suited  to  monitoring 
of  subsurface  soils  using  this  technique  installed  in  a  cone 
penetrometer.  Conditions  that  would  be  encountered  by 
a  cone  penetrometer-based  LIBS  system  are  simulated  by 
compressing  soil  samples  and  then  allowing  them  to  relax 
for  specific  intervals  before  LIBS  analysis.  Results  are 
presented  of  the  dependence  of  LIBS  measurements  on 
the  relaxation  time  after  soil  sample  compression.  This 
data  is  important  to  understand  how  to  implement  field- 
deployable  LIBS  systems. 

I.  Introduction 

Recently  interest  in  sensors  to  accurately  assess  and 
monitor  the  extent  of  environmental  contamination 
around  waste  disposal  sites  and  research  facilities  has 
grown  markedly.  There  is  an  ever-increasing  need  to 
quickly  and  accurately  perform  concentration  measure¬ 
ments  of  chemical  species  in  situ.  Previously  these  mea¬ 
surements  could  only  be  performed  in  the  laboratory. 
However,  the  volume  of  measurements  to  be  performed 
today  and  in  the  future  have  a  prohibitive  cost  of  time 

The  partial  support  of  this  work  by  the  U.S.  Army  Corps  of  Engi¬ 
neers,  Waterways  Experiment  Station  under  Contract  #DACA39- 
95-K-0053  is  gratefully  acknowledged. 


Fig.  l.Cone  penetrometer  vehicle  during  a  field  test  at  Hill  Air 
Force  Base  near  Salt  Lake  City,  Utah.  (From  Spectroscopy,  10(7) 
(1995):34.) 


and  finances  to  acquire  soil  or  water  samples  and  return 
them  to  a  laboratory  for  analysis.  Thus,  new  methods 
are  needed  to  perform  remote  measurements  quickly  and 
efficiently,  while  maintaining  comparable  analysis  capa¬ 
bilities. 

LIBS  is  one  method  with  the  potential  to  satisfy  these 
requirements.  In  this  method  the  laser  source  serves  to 
vaporize,  atomize,  and  excite  the  sample  material  in  the 
course  of  one  laser  pulse.  This  method,  termed  laser- 
induced  breakdown  spectroscopy  (LIBS),  has  been  used 
in  analyses  of  gases  [1],  liquids  [2,3],  solids  [4],  solid 
aerosols  [5-7],  liquid  aerosols  [8-10],  and  soils  [11-13].  Be¬ 
cause  of  the  relative  simplicity  of  LIBS,  it  is  well-suited  for 
use  in  the  field.  One  existing  field- deployable  site  char¬ 
acterization  system  to  which  LIBS  could  be  adapted  is 
the  Site  Characterization  and  Cone  Penetrometer  Sys¬ 
tem  (SCAPS)  developed  by  the  Army  Corps  of  Engineers’ 
Waterways  Experiment  Station  (WES),  shown  in  Fig.  1. 
SCAPS  sensors,  housed  in  a  cone  penetrometer,  are  driven 
into  the  soil  by  a  hydraulic  ram  to  depths  of  up  to  200 
feet.  Measurements  are  performed  in  situ  during  the  de¬ 
scent  and/or  ascent  of  the  penetrometer.  This  makes  it 
possible  to  determine  contaminant  plume  boundaries  on- 
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Fig.  2. Schematic  of  a  typical  LIBS  system  utilizing  a  Nd:YAG  laser 
and  an  optical  multichannel  analyzer. 


site. 

As  part  of  an  on-going  effort  to  develop  LIBS  for  use 
with  SCABS,  the  current  work  describes  the  effect  of  soil 
compression  and  subsequent  relaxation  on  LIBS  measure¬ 
ments  of  chromium  in  sand.  Results  are  also  presented  on 
the  detection  limits  of  Cr  in  sand  are  presented. 

11.  Experimental  Technique  for  LIBS 

A  schematic  of  the  experimental  arrangement  used  in 
performing  the  experimental  research  is  shown  in  Fig.  2. 
A  pulsed  Nd:YAG  laser  (Big  Sky  Laser,  Model  lOOR), 
operating  at  the  principal  wavelength  (A  —  1.06  //m)  and 
10  ns  pulse  width,  serves  as  the  excitation  source.  The 
laser  radiation  is  focused  by  a  plano-convex  BK7  lens 
(  diameter  {(j))  =  15  mm,  focal  length  (/)  =  100  mm) 
on  the  soil  sample.  An  optical  multi-channel  analyzer 
(OMA),  consisting  of  a  spectrometer  (Instruments  SA, 
Model  HR-320,  /  =  320  mm)  equipped  with  an  intensi¬ 
fied  CCD  camera  (ICCD) (Princeton  Instruments,  Model 
ICCD-1024MG-E),  is  used  to  analyze  the  spectra  of  the 
plasma  emissions.  Emission  from  the  laser-produced 
plasma  is  focused  by  a  fused  silica  lens  into  an  optical 
fiber  (3M,  TECS  FT-l.O-UMT)  for  transmission  to  the 
OMA.  Transmitted  light  from  the  fiber  is  coupled  into 
the  OMA  with  a  bi-convex  fused  silica  lens  (0  =  25  mm, 
/  —  50  mm).  An  aperture  between  the  lens  and  OMA  slit 
matches  the  F/#  of  the  lens  to  the  spectrometer.  The  en¬ 
trance  slit  of  the  spectrometer  is  typically  opened  25  /im. 
The  region  of  the  plasma  imaged  by  the  spectrometer 
is  approximately  1  mm  in  diameter.  The  spectrometer 
is  equipped  with  a  1200  lines/mm  holographically  ruled 
diffraction  grating.  The  OMA  was  able  to  acquire  individ¬ 
ual  spectra  from  the  LIB  plasma  at  the  rate  of  approx¬ 
imately  two  per  second.  To  increase  the  signal-to-noise 
ratio  for  the  atomic  emission  lines,  and  thus  reduce  the 
limits  of  detection,  the  ICCD  is  gated.  A  Q-switch  sync 
signal  from  the  Nd:YAG  triggers  a  gate  pulse  generator 
(Princeton  Instruments,  Model  PG-200).  The  gate  pulse 
generator  triggers  the  OMA  and  provides  for  delay  of  the 
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Fig.  3. Effect  of  “relaxation  time”  after  soil  compression  (20  tons  for 
1  minute)  on  LIBS  measurements  of  50  ppm  chromium  in  sand. 


gate  pulse  after  the  laser  pulse  and  variation  of  the  gate 
pulse  width  (integration  time). 

For  the  detection  limit  analysis  washed  and  dried  sand 
(Mallinckrodt  Chemical,  Inc.,  No.  7062  KPTN)  was  nec¬ 
essary  because  “naturally”  occurring  sand  samples  were 
found  to  contain  up  to  4  ppm  chromium. 

III.  Results  and  Discussion 
A.  Soil  Compression  Effects 

A  cone  penetrometer  inherently  requires  large  forces  to 
be  applied  to  the  soil  in  the  immediate  vicinity  of  the 
tip.  To  understand  the  effect  of  soil  compression  on  LIBS 
measurements,  soil  samples  contaminated  with  chromium 
were  compressed  then  allowed  to  relax  for  various  periods 
before  LIBS  analysis.  Sand  samples  ('-^  75  g)  were  doped 
with  50  ppm  Cr  (w/w).  Samples  were  then  compressed  in 
aluminum  sample  holders  under  a  load  of  20  tons  for  one 
minute.  Different  samples  were  allowed  to  relax  from  2  to 
20  minutes  before  being  analyzed  using  LIBS.  Data  for  less 
than  two  minutes  was  not  possible  due  to  sample  prepa¬ 
ration  location  and  the  time  required  to  perform  the  first 
LIBS  measurements.  Results  of  two  trials  are  shown  in 
Fig.  3.  The  emission  intensity  ratio  of  Cr-I  (425,435  nm) 
to  Si-I  (390.55  nm)  increases  during  the  first  6  to  10  min¬ 
utes  before  decreasing  to  a  level  approximately  equal  to 
the  initial  measurement. 

We  believe  that  two  competing  processes  are  respon¬ 
sible  for  the  observed  time-dependence  of  the  measure¬ 
ments.  One  effect  is  related  to  the  soil  moisture  content 
which  is  known  to  decrease  the  intensity  ratio  as  the  mois¬ 
ture  content  increases.  As  the  soil  moisture  increases  a 
greater  portion  of  the  laser  pulse  is  required  to  excite  wa¬ 
ter  adsorbed  on  the  sand  granules.  As  the  soil  is  com¬ 
pressed,  moisture  is  expelled  from  the  soil  matrix.  Dur- 


858 


References 


Cr  CONCENTRATION  (  ppm  ) 


Fig.  4, Calibration  curve  for  LIBS  measurements  of  chromium  con¬ 
centration  in  sand  for  200  ppb  to  20  ppm. 


ing  the  relaxation  period  humidity  from  the  ambient  air 
is  readsorbed  by  the  sand.  A  second  contributing  effect 
is  due  to  energy  being  stored  in  the  sand  particles  by  the 
compression  process.  Since  the  energy  introduced  by  the 
compression  process  is  stored  mainly  in  the  silicon  (silicon 
dioxide)  there  will  be  a  trend  for  the  silicon  line  intensity 
to  increase  over  the  chromium  line  intensity.  In  addi¬ 
tion,  any  stored  energy  makes  it  easier  to  produce  slightly 
higher  plasma  temperature.  The  stored  energy  effect  is 
not  permanent  and  relaxes  in  time  20  minutes). 

B,  Calibration 

Shown  in  Fig.  4  is  a  calibration  curve  for  LIBS  mea¬ 
surement  of  chromium  in  sand  for  the  concentration  range 
from  200  ppb  to  20  ppm  (w/w).  The  detection  limit  was 
computed  according  to  the  relation  Cl  =  (2o-)/S',  where 
Cl  is  the  detection  limit,  a  is  the  standard  deviation  of  the 
emission  intensity  ratio,  and  S  is  the  slope  of  the  calibra¬ 
tion  curve  near  it’s  lower  limit.  Based  on  the  application 
of  this  relation  to  the  data  in  Fig.  4,  the  detection  limit 
for  chromium  in  sand  was  determined  to  be  360  ppb. 

IV.  Conclusions 

Tests  have  been  performed  to  demonstrate  the  variation 
of  LIBS  measurements  as  a  function  of  soil  compression 
and  relaxation  time.  Results  indicate  that  in  the  applica¬ 
tion  of  LIBS  to  a  cone  penetrometer  system,  consistency 
must  be  maintained  in  the  analysis  method  to  achieve  re¬ 
peatable  results.  A  calibration  curve  has  been  developed 
for  chromium  in  sand  for  concentrations  between  200  ppb 
and  20  ppm.  The  lower  detection  limit  for  chromium  in 
sand  was  estimated  to  be  360  ppb. 
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Abstract  -  Results  of  the  analyses  of  SIR-C/X-SAR  im¬ 
ages  from  the  test  site  North  Sea  as  well  as  from  other  sea 
areas  showing  radar  signatures  of  natural  surface  films  and 
of  oil  spills  are  presented.  Damping  ratios  (i.e.,  the  ratios  of 
the  normalized  radar  cross  section  from  a  slick-free  and  a 
slick-covered  water  surface)  and  polarization  signatures  have 
been  calculated  and  compared,  A  strong  wind  dependence  of 
the  damping  ratio  for  the  same  substance  is  shown  and  ex¬ 
plained  by  means  of  the  source  terms  for  the  spectral  energy 
in  the  ocean  wave  spectrum.  It  is  therefore  concluded  that 
surface  films  of  different  visco-elastic  properties  can  only  be 
discriminated  at  low  to  moderate  wind  speeds.  Furthermore, 
polarization  signatures  from  film-covered  as  well  as  from 
film-free  water  surfaces  have  been  calculated  and  compared. 
Differences  between  them  are  found  only  at  low  wind  speeds 
and  small  incidence  angles  which  is  in  accordance  to  Bragg 
scattering  theory. 

INTRODUCTION 

The  damping  of  ocean  waves  by  different  surface  films  has 
been  subject  of  several  investigations  (see,  e.g.,  [1]  and  lit¬ 
erature  cited  therein).  Since  the  backscattered  radar  power 
depends  on  the  spectral  power  density  of  the  Bragg  waves 
(i.e.,  waves  with  a  wavelength  =  >^/2sint^,  where  Ao 
denotes  the  radar  wavelength  and  the  incidence  angle), 
ocean  surface  films  appear  as  dark  patches  on  radar  images. 
However,  ocean  surface  films  are  not  only  of  man-made 
origin,  like  mineral  oil  spills  from  ships.  Also  natural  sur¬ 
face  slicks  produced  by  plankton,  algae,  or  fish  appear  on  the 
sea  surface,  especially  in  coastal  regions.  To  allow  effective 
oil  spill  surveillance  using  active  radar  techniques,  the  dis¬ 
crimination  between  the  different  kinds  of  surface  films  is 
therefore  necessary.  During  the  two  SIR-C/X-SAR  cam¬ 
paigns  in  1994,  controlled  surface  film  experiments  were 
carried  out  in  the  test  site  North  Sea,  west  off  the  German 
island  of  Sylt,  where  biogenic  surface  slicks  as  well  as  small 
spills  consisting  of  mineral  oil  were  deployed  on  the  sea 
surface.  The  goal  of  these  experiments  was  to  investigate 
whether  the  spaceborne  L,  C,  and  X  band  multi-polarization 
SARs  are  capable  of  discriminating  between  the  films  of 
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different  chemical  properties.  In  this  paper,  an  overview  is 
given  of  the  results  obtained  from  the  SAR  images  of  this 
test  site  as  well  as  from  other  sea  areas  showing  radar  signa¬ 
tures  of  natural  surface  films  and  of  oil  spills. 

MEASURED  DAMPING  RATIOS 

In  Fig.  1  a  composite  of  two  SAR  images  of  the  test  site 
North  Sea  taken  during  the  first  mission  on  April  18,  1994, 
at  05:26  UTC  is  shown.  The  images  were  taken  at  L  band 
(left)  and  X  band  (right),  both  at  VV  polarization.  The  dark 
patch  is  due  to  a  biogenic  slick  consisting  of  oleyl  alcohol 
(herein  abbreviated  as  OLA)  which  had  been  deployed  on 
the  sea  surface  directly  before  the  image  was  taken.  During 
this  experiment,  the  wind  speed  was  moderate  (5  m/s).  It  can 
be  seen  that  the  slick  contrast  is  higher  at  X  band,  i.e.,  X 
band  Bragg  waves  are  more  damped  by  OLA  than  L  band 
Bragg  waves.  From  these  SAR  images  damping  ratios  (i.e., 
the  ratios  of  the  normalized  radar  cross  section  from  a  slick- 
free  and  a  slick-covered  water  surface)  have  been  calculated 
by  averaging  the  same  number  of  pixels  from  a  slick-free 
and  a  slick-covered  area  and  by  calculating  the  ratio  of  the 
obtained  values.  Since,  in  general,  surface  films  are  not 
homogeneous,  only  pixels  from  one  scan  were  used  for  calcu¬ 
lating  the  damping  ratios  of  each  radar  band  (instead  of 
averaging  over  the  whole  slick-covered  area).  The  obtained 
results  from  various  scans  are  shown  in  Fig.  2. 


0  2  4  km  0  2  4km 


Fig.  1:  composite  of  two  SIR-C/X-SAR  images  of  the  test 
site  North  Sea  showing  the  same  biogenic  slick  (OLA,  see 
text),  left:  L  band,  VV  polarization,  right:  X  band,  VV  po¬ 
larization  (SRL-1,  datatake  143.30,  April  18,  1994,  05:26 
UTC,  dimensions  5  km  by  5  km). 
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Fig.  2:  damping  ratios  for  OLA  at  moderate  wind  speed 
obtained  from  the  SIR-C/X-SAR  images  of  the  first  surface 
film  experiment  in  the  testsite  North  Sea  (see  Fig.  1). 

On  October  06,  1994,  a  second  surface  film  experiment 
was  performed,  again,  in  the  test  site  North  Sea.  The  SAR 
image  shown  in  Fig.  3  was  taken  at  08:12  UTC  at  X  band, 
VV  polarization  (SRL-2,  datatake  96.20,  image  dimensions 
are  12  km  by  5.5  km).  The  dark  patches  originate  from  the 
set  of  different  surface  films  which  had  been  deployed  on  the 
sea  surface.  Directly  before  the  image  was  taken  a  front 
passed  the  test  site,  so  that  the  wind  speed  increased  to  more 
than  10  m/s. 

Results  obtained  for  the  biogenic  slicks  consisting  of  oleyl 
alcohol  (OLA,  patch  B),  oleic  acid  methyl  ester  (OLME, 
patch  C),  and  triolein  (TOLG,  patch  D)  as  well  as  for  the  oil 
spill  consisting  of  heavy  fuel  (IFO  180,  patch  A)  are  depicted 
in  Fig.  4.  It  can  be  seen,  that  OLA  (which  was  deployed 
during  both  missions)  shows  a  different  damping  behavior  at 
high  wind  speed.  In  particular,  the  damping  ratios  obtained 
from  C  and  X  band  SAR  images  have  decreased  and  are 
comparable  with  the  L  band  damping  ratios  (whereas  the 
damping  ratios  increased  monotonously  with  Bragg  wave- 
number  under  moderate  wind  conditions,  see  Fig.  2).  For  all 
substances  shown  in  Fig.  4  the  damping  ratios  under  high 
wind  conditions  are  comparable  (only  TOLG  shows  slightly 
higher  damping  characteristics). 

In  order  to  compare  the  results  of  the  dedicated  experi¬ 
ments,  several  other  SIR-C/X-SAR  images  showing  natural 
surface  films  as  well  as  oils  spills  have  been  analyzed.  Typi¬ 
cal  examples  are  presented  in  Fig.  5  and  Fig.  6.  The  natural 
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Fig.  3:  X-SAR  image  showing  a  set  of  surface  films  (see 
text)  in  the  test  site  North  Sea  taken  on  October,  06,  1994,  at 
08:12  UTC,  X  band,  VV  polarization  (SRL-2,  datatake 
96.20) 
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Fig.  4:  damping  ratios  for  differ  ent  surface  films  at  high 
wind  speed  obtained  from  the  SIR-C/X-SAR  images  of  the 
second  surface  film  experiment  in  the  testsite  North  Sea  (see 
Fig.  3). 

surface  films  (Fig.  5,  image  dimensions  are  7  km  by  7  km) 
were  imaged  under  low  wind  conditions  (up  to  approx. 
4  m/s)  and  show  high  damping  ratios,  especially  at  L  and  X 
band.  In  comparison  with  OLA  at  moderate  wind  speed  it 
can  be  seen  that  the  L  band  values  are  most  different,  which 
might  be  due  to  the  large  slick-covered  sea  area  (cf  [1]). 

In  the  sea  areas  where  oil  spills  have  been  imaged  the 
wind  conditions  were  moderate  (approx.  5  m/s).  In  compari¬ 
son  with  the  natural  surface  films,  the  damping  ratios  ob¬ 
tained  from  the  oil  spills  are  lower,  especially  at  low  Bragg 
wavenumbers  (L  band).  Again,  an  increasing  damping  char¬ 
acteristic  has  been  found,  which  seems  to  be  typical  for 
(thick)  oil  layers. 


Bragg  wavenumber  [rad/m] 


Fig.  5:  left:  X-SAR  image  taken  on  April  12,  1994,  at  07:28 
UTC  and  showing  enlarged  natural  surface  films  due  to  an 
algae  bloom  in  the  North  Sea  west  of  North  Denmark  (SRL- 
1,  datatake  47.10,  X  band,  VV  polarization,  dimensions 
7  km  by  7  km);  right:  sample  of  damping  ratios  obtained 
from  SAR  images  of  natural  slicks. 
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Fig.  6:  left:  X-SAR  image  taken  on  April  17,  1994,  at  18:47 
UTC  from  the  Strait  of  Malacca  (North  of  Sumatra),  Dark 
patches  of  this  shape  are  very  likely  due  to  oil  spills  (SRL-1, 
datatake  136.00,  X  band,  VV  polarization,  5  km  by  5  km); 
right:  sample  of  damping  ratios  of  different  oil  spills  ob¬ 
tained  from  SIR-C/X-SAR  images. 

In  all  damping  curves  presented  here,  no  significant  de¬ 
pendence  on  the  polarization  has  been  found. 

POLARIZATION  SIGNATURES 

In  order  to  profit  from  the  multi-polarization  capabilities 
of  the  SIR-C  system  polarization  signatures  have  been  calcu¬ 
lated  for  film-covered  and  film-free  water  surfaces.  At  low  to 
moderate  wind  speeds  the  polarization  signature  of  an  sea 
surface  area  which  was  very  likely  covered  by  mineral  oil  is 
quite  different  from  that  of  the  surrounding  sea.  The  pedestal 
of  the  polarization  signature  is  significantly  higher  at  the  oil- 
covered  area  (see  Fig.  7)  which  is  due  to  a  lower  signal-to- 
noise  ratio  (i.e.,  a  higher  portion  of  speckle  noise).  The  dif¬ 
ferent  shape  of  the  two  polarization  signatures  shown  in  Fig. 
7  can  be  explained  with  a  different  ratio  of  Bragg  and 
specular  scattering  at  low  incidence  angles  (here  24°).  How¬ 
ever,  at  high  wind  speed  the  polarization  signatures  are 
similar  for  the  different  artificial  surface  films  and  are  com¬ 
parable  to  those  measured  over  the  surrounding  (slick-free) 
ocean  surface  (not  shown  here). 

DISCUSSION 


Fig.  7:  C  band  polarization  signatures  of  a  film-free  (left) 
and  a  film-covered  (right)  water  surface  obtained  from  SAR 
images  taken  from  an  oil  spill  on  the  West  Pacific  Ocean  off 
the  Mexican  coast  (SRL-1,  datatake  65.10,  April  13,  1994, 
09:51  UTC) 

induced  spectral  growth  rate,  A  is  the  coefficient  for  spatial 
viscous  damping,  and  Cg  is  the  group  velocity  of  the  water 
surface  waves.  The  subscripts/superscripts  0  and  s  denote  a 
slick-free  and  slick-covered  water  surface,  respectively.  For 
monomolecular  surface  films  the  ratio  of  the  viscous  damp¬ 
ing  coefficients,  A^/Aq  ,  shows  a  resonance-like  behavior 
which  is  typical  for  Marangoni  damping  (for  details  see  [1]). 
From  (2)  it  can  be  inferred,  firstly,  that  the  characteristic 
damping  behavior  of  the  surface  films  can  have  a  strong 
influence  on  the  damping  ratio  only  at  low  to  moderate  wind 
speeds  (where  the  wind-induced  spectral  growth  rates  are 
relatively  small).  Differences  due  to  the  characteristic 
damping  behavior  should  therefore  be  observed  only  at  low 
to  moderate  winds.  At  high  wind  speeds,  the  ratio  of  the 
spectral  growth  rates  (i.e.,  the  ratio  of  the  friction  velocities, 
see  [3])  should  become  dominant  and  the  film-induced  dif¬ 
ferences  of  the  damping  ratios  should  vanish.  Secondly,  the 
reduction  of  wave  breaking  in  the  presence  of  surface  films 
should  be  more  important  at  high  wind  speeds,  whereas  at 
low  wind  speeds  nonlinear  wave  interaction  cannot  be  ne¬ 
glected.  The  presented  results  are  in  good  agreement  with 
these  theoretical  considerations  (in  [2]  these  hypotheses  are 
also  compared  with  data  obtained  by  an  airborne  scatterome- 
ter). 
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where  Sm  ,  ,  5„/  ,  and  S^b  are  the  source  terms  for  en¬ 
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Abstract  -  The  progress  of  a  spectrometer  for  environmental 
monitoring  being  developed  at  the  University  of  Texas  at 
Arlington  will  be  discussed.  This  spectrometer  is  an  active/ 
passive  millimeter-wave  (MMW)  spectrometer  that  will 
operate  over  the  75-110  GHz  (W-band)  atmospheric  window. 
Final  laboratory  testing  of  the  system  is  projected  to  be  the 
reflection  and  the  transmission  study  of  random  dense  media, 
and/or  frequency-selective  gratings. 

INTRODUCTION 

The  priliminary  design  concept  of  the  millimteter-wave 
system  was  discusse  by  Bredow  et  aL  [1].  In  this  paper,  we 
discuss  the  current  status  of  the  system  development.  To 
improve  on  accuracy  and  identification/quantification  of 
pollutants,  the  task  of  design,  and  development  of  an  active/ 
passive  millimeter-wave  (MM-wave)  spectrometer  was 
started  in  the  fall  of  1993.  The  75-110  GHz  (W-band) 
atmospheric  window  is  relatively  quiet  and  rotational 
resonances  for  many  pollutants  occur  in  this  region. 
Therefore,  this  region  could  considerably  enhance  the 
environmental  studies  when  used  in  association  with  UV  and 
IR:  (I)  W-band  can  supply  additional  spectral  information 
that  can  be  useful  in  identifying  and  quantifying  pollutants 
and  in  quantifying  the  presence  of  interferers,  e.g.,  H20;  (2) 
W-band  can  penetrate  through  fog,  haze  and  regions  of 
particulates  much  more  readily  than  IR  and  UV;  and  (3)  radar 
techniques  at  W-band  can  supply  information  about 
particulate  pollutants  including  size  and  concentration. 

Substantial  progress  has  been  made  in  the  design, 
development  and  testing  of  the  MM-wave  spectrometer. 
Testing  of  the  system  in  the  laboratory  to  determine  power 
levels,  frequency  stability  and  overall  performance  of  the 
system  has  been  accomplished.  Enclosure  of  most  of  the 
sections  of  the  system  is  completed  and  the  development  of 
some  of  the  software  libraries  needed  to  control  the  system 
via  a  multifunction  analog,  digital  I/O  board  for  PC  has  been 
realized.  The  construction  of  the  anechoic  chamber  for  the 
indoor  study  of  the  pollutants  is  essentially  complete. 

ASSESSMENT  OF  THE  SYSTEM 

The  block  diagrams  of  the  system  are  shown  in  Figs.  1-3, 
and  two  pictures  of  the  system  are  provided  in  Figs.  4&5.  The 
W-band  instrument  will  operate  in  4  primary  modes:  (1)  as  a 
0-7803-3068-4/96$5.00©1996  IEEE 


spectrometer  measuring  absorption  over  the  75-110  GHz 
region;  (2)  as  a  radiometer  measuring  blackbody-type 
emissions  over  the  entire  75-110  GHz  region;  (3)  as  a  pulse 
radar  with  peak  power  of  200  mW,  over  a  500  MHz 
bandwidth  centered  at  about  93.1  GHz;  and  (4)  as  a  step 
frequency  radar  (when  used  in  combination  with  a  HP  8510 
network  analyzer)  over  selected  9  GHz  bandwidth  segments 
of  the  75-110  GHz  band.  The  first  3  modes  will  be  used 
primarily  in  the  field  to  study  air  pollution  (including 
particulate).  The  last  mode  is  primarily  for  related  studies  in  a 
new  millimeter  wave  anechoic  chamber  that  has  been  set  up 
at  UTA. 

Testing  on  various  sections  of  the  system  were  performed. 
The  if  processor  of  the  W-band  spectrometer/radar  (fig.  2) 
was  tested  in  the  laboratory.  The  filters  in  the  two  filter 
banks,  the  YIG-multiplier,  mixer,  and  the  two  Low  Noise 
Amplifiers  (LNA"'  were  tested  for  comparison  to  the  design 
specifications.  The  if  signal  from  the  receiver  antenna  is 
filtered  through  the  quasi-optical  section  into  two  bands  of 
75-93  GHz  and  93-110  GHz.  Each  of  these  bands  is  then 
processed  as  four  subbands  covering  75-84,  84-93,  93-102 
and  102-110  GHz  of  the  received  signal.  Each  subband  is 
down  converted  to  an  if  frequency  range  of  4.5-13.5  GHz 
which  is  then  processed  in  the  if  processor  by  using  a  bank  of 
filters,  a  YIG  multiplier,  and  a  bank  of  detectors. 

The  YIG  multiplier  was  tested  at  frequencies  of  4  to  12 
GHz.  At  4.0  GHz  the  output  power  was  measured  to  be  5.5 
dBm.  The  power  levels  of  the  multiplier  decreased  with 
increasing  frequency.  At  12  GHz  the  output  power  was 
measured  to  be  below  -3.0  dBm;  however,  the  levels  are 
controlled  by  a  combined  amplifiers/attenuator  network 
before  supplying  the  mixer’s  LO  port  To  insure  no  drifting 
effect  by  the  multiplier,  tests  were  repeated  several  times  and 
no  drifting  was  noticed  in  any  of  the  tests. 
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Fig.l  W-band  Spectrometer/Radar  RF  Circuitry 


Fig.2  W-band  Spectrometer/Radar  IF  Circuitry 


Fig.  3  W-band  Spectrometer  Signal  Conditioning 
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Fig.  5  Showing  some  of  the  components  of  the,  PLOs,  IF  processor,  and 
part  of  the  signal  conditioning. 
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ABSTRACT  Mission  and  configuration  of  spacebome 
two-dimensional  synthetic  aperture  radiometers  are 
considered  in  order  to  assess  the  possibilities  and  limits  of 
this  sensor  type  for  global  soil  moisture  monitoring.  Results 
are  presented  which  include  the  selection  of  orbit,  scan  t}pe 
and  basic  sensor  parameters  as  well  as  predictions  for 
performance  and  mass/power  requirements  of  different 
sensor  options. 


INTRODUCTION 

Microwave  radiometers  operating  at  comparably  low 
frequencies  can  play  an  important  role  in  the  monitoring  of 
our  environment  since  they  permit  measurements  of 
ecological  key  parameters  like  soil  moisture  under  all 
weather  conditions  and  at  any  desired  time. 

Whereas  the  low  microwave  frequency  range  offers  the 
advantage  of  a  high  penetration  ability  through  clouds  and 
into  the  top  layer  of  the  earth  surface,  its  sp)ecific  dis¬ 
advantage  is  the  poor  spatial  resolution  which  is  achievable 
with  moderately  sized  antennas.  For  global  monitoring  from 
space,  antenna  dimensions  of  up  to  10  m  or  even  more  can 
be  required  which  implies  serious  problems  for  any 
practical  implementation  of  such  a  sensor. 

A  possible  solution  to  the  problem  is  the  concept  of  passive 
aperture  synthesis  which  has  been  implemented  and 
successfully  demonstrated  with  the  airborne  ESTAR  sensor 
[1].  Investigations  of  corresponding  spacebome  sensors 
based  on  one-dimensional  aperture  synthesis  have  been 
reported  earlier  by  the  author  [2]. 

In  Europe,  the  possibility  to  implement  two-dimensional 
aperture  synthesis  for  future  spacebome  soil-moisture 
sensing  is  being  investigated  by  the  European  Space 
Agency  (ESA).  The  mission  analysis  for  such  an  instrument 
(MIRAS)  together  with  parts  of  the  instrument  analysis 
have  been  carried  out  by  the  author  within  this  frame. 

The  following  conuibution  gives  an  overview  of  key  results 
based  on  an  extension  of  the  work  performed  for  MIRAS. 
Results  are  presented  which  include  the  selection  of  orbit, 
scan  type  and  basic  sensor  parameters  as  well  as  predictions 
for  performance  and  mass/power  requirements  of  different 
sensor  options. 
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MISSION  ANALYSIS 

The  basis  for  the  mission  analysis  is  formed  by  the 
scientific  requirements  given  in  Fig.  1  which  have  been 
established  during  the  MIRAS  study  and  subsequently 
agreed  with  a  variety  of  specialists  [3].  These  requirements 
ask  for  a  ground  resolution  of  10-20  km  with  60  km  as  the 
acceptable  limit  matched  to  the  6.8  GHz  channel  of  MIMR. 
The  preferred  geometry  is  a  conical  scan  with  50° 
incidence  (45-55°permitted)  and  dual-polarization  which 
would  avoid  the  need  for  auxiliary  temperature  information 
through  the  use  of  the  polarization  ratio.  The  second  option 
is  a  nadir  line  scan  (similar  to  ESTAR)  with  incidences  of 
0-35°  and  one  polarization  which  leads  to  a  simplified 
sensor  but  implies  the  need  for  auxiliary  data. 

For  these  options,  the  selection  of  the  preferred  orbit  is 
based  on  the  requirements  for  global  coverage  until  ±85° 
lattitude  with  revisit  times  of  1-3  days.  In  order  to  achive 
constant  conditions  a  polar  near-sun-synchronous  dawn- 
dusk  orbit  is  preferred  whereby  'standard^  (700-800  km)  as 
well  as  'dedicated  low'  (4(X)-500  km)  orbits  have  been 
considered.  The  results  of  a  first-cut  assessment  on 
instrument  impacts  are  shown  in  Fig.  2.  Whereas  1  day 
revisit  is  generally  not  possible,  2.3  days  may  be  feasible 
with  the  concical  scan  approach  at  700-800  km  but  imply 
the  need  for  a  large  FOV  which  leads  to  increased 
problems  with  RFI,  decorrelation  and  sample  spacing 
selection.  The  same  holds  for  a  conical  scanner  in  a  400- 
500  km  orbit  with  about  3  days  revisit  time.  Here,  these 
aspects  plus  increased  lifetime  problems  due  to  increased 
atmospheric  drag  have  to  be  traded  against  a  resolution 
improvement  of  about  34-40%.  Taking  into  account  these 
considerations,  a  'standard'  orbit  of  799.8  km  which  has  a 
minimum  swath  of  about  880  km  and  matches  both  scan 
approaches  has  been  selected. 

A  comparison  of  the  basic  geometries  is  shown  in  Fig.  3. 
Whereas  an  increased  swath  of  about  890  km  provides  the 
desired  global  coverage  until  ±85°  for  all  options,  it  is 
clearly  shown  that  a  conical  scan  geometry  using  only  50°- 
incidence  pixels  would  imply  a  very  poor  use  of  available 
data  since  only  a  few  of  all  possible  pixels  are  utilized.  For 
this  reason,  the  investigated  sensor  options  are  limited  to 
the  45-55°  conical  and  the  nadir  line  scan  approach  for 
which  the  corresponding  instrument  requirements  are  given 
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in  Fig.  4.  For  both  cases,  decorellation  is  not  a  problem  for 
up  to  25  MHz  bandwidth  and  up  to  20  m  aperture  size  due 
to  the  limited  FOVs  which  is  fully  in  line  wiili  the  results  of 
earlier  system  studies  on  1-dim.  synthesis  [2]. 

INSTRUMENT  CONFIGURATION 

For  the  implementation  of  the  selected  sensor  options,  3 
antenna  configurations  as  shown  in  Fig.  5  have  been 
considered  which  provide  the  same,  fully  sampled  circular 
area  in  the  uv-plane  for  a  given  armlength  L.  Whereas  T- 
and  U-shape  generate  a  regular,  rectangular  uv-grid  which 
can  be  handled  by  conventional  fourier  processing,  the  Y- 
shape  provides  a  hexagonal  grid  which  permits  a  larger 
sample  spacing  A  but  requires  a  more  complex  processing 
with  some  remaining  open  questions.  Taking  into  account 
mechanical  stability,  spaceraft  accommodation  and  deploy¬ 
ment,  the  U-shape  is  not  very  attractive  because  of  tlie  90®- 
bends  and  the  horizontal  arm  which  would  imply  a  larger 
Tree"  volume  on  the  satellite.  Consequently,  only  T-  and  Y- 
shape  have  been  considered  further,  whereby  only  samples 
within  the  the  circular  region  (w/o  redundancies)  are  used 
in  order  to  ensure  symmetry  and  minimum  power  demand. 

The  selection  of  the  processing  window  affects  accuracy, 
resolution  and  sensitivity  of  the  sensor  as  discussed  already 
in  [2]  for  1-dim.  synthesis.  Since  most  sidelobes  of  the 
antenna  pattern  are  pointed  towards  the  earth  surface  (200- 
300  K)  an  accuracy  of  about  3  K  requires  beam-efficiencies 
of  about  99%  which  implies  the  unavoidable  need  for  a 
highly  tapered  window.  The  selected  Blackman- window 
ensures  such  a  high  beam-efficiency  and  improves  the 
sensitivty  but  degrades  the  resolution  slightly. 

The  sample  spacing  A  is  selected  as  a  compromise  to 
minimise  both  the  impact  of  possible  image  lobes  (aliasing) 
on  the  sensor  accuracy  as  well  as  the  number  of  antennas, 
receivers  and  correlators.  This  optimum  occurs,  if  the  worst 
case  image  lobes  point  towards  the  cold  sky  background  or 
off-axis  angles  where  they  are  suppressed  by  the  antenna 
elements.  For  a  T-shape  (Y-shape)  antenna,  this  selection 
corresponds  to  spacings  of  0.720  (0.831)  and  0.780  (0.900) 
for  the  nadir  and  the  conical  scan  geometry,  respectively. 

In  order  to  estimate  the  sensor  sensitivity  AT,  a  simplified 
model  for  the  center  pixel  [2]  using  a  homogenous  scene  of 
300  K  and  identical  receivers  of  100  K  has  been  assumed. 
Here,  the  array  thinning  for  a  circular  uv-area  and  Black¬ 
man  weighting  as  well  as  the  effect  of  the  one-bit  digital 
correlators  which  have  been  selected  in  order  to  minimise 
power  consumption  and  sensor  complexity  are  taken  into 
account. 

The  mass  estimate  is  based  on  a  structural  mass  of  7.8  kg/m 
for  the  three  arms  as  well  as  0.5  kg,  9  g  and  60  kg  for  each 
receiver  chain,  each  complex  correlator  and  a  fixed  contri¬ 
bution,  respectively.  Similarly,  the  power  estimates  are 
based  on  1.5  W  per  reciver  chain,  90%  efficiency  of  the 
power  unit  and  20  W  fixed  contributions.  For  the  complex 
correlators  figures  of  50  mW  (realistic)  as  well  as  15  mW 
(most  optimistic)  have  been  used. 


INSTRUMENT  RESULTS 

Based  on  the  previously  described  selections  estimates  for 
performances  and  budgets  of  both  the  nadir- view  and  the 
conical  scan  sensor  matching  the  given  mass  and  power 
limits  are  shown  in  Fig.  6  and  Fig.  7,  respectively 

For  the  nadir  geometry  the  mass  and  power  allocations 
permit  an  antenna  size  of  9-10  m  per  arm  which  leads  to  a 
good  resolution  of  20-35  km.  Here,  the  Y-shape  offers  an 
improvement  of  about  13-14%  with  the  disadvantages 
described  before.  The  desired  sensitivity  of  1  K  is  possible 
but  requires  multilook  processing  of  4  looks  (8-14  looks 
available).  An  accurcay  of  3  K  is  possible  tlirough  Black- 
man-window  processing.  Mass  and  power  figures  are  about 
270  kg  and  4()0/600W  (optimistic/realistic). 

For  the  conical  scan  geometry  an  antenna  size  of  10-11  m 
is  possible  which  permits  only  a  moderate  resolution  of  35- 
60  km  again  with  slight  advantages  for  the  Y-shape.  A 
sensitivity  of  1  K  requires  also  multilook  processing  (4-5) 
but  is  more  critical  here  since  only  4-7  looks  are  available. 
Mass  and  power  figures  are  about  270-280  kg  and  again 
400/600W  (optimistic/realistic). 

The  results  show  that  only  the  nadir  geometry  permits 
spatial  resolutions  down  to  20  km  and  should  be  reconside¬ 
red,  therefore,  from  a  scientific  point-of-view.  (resolution 
vs.  aux.  data  requirements).  Furthermore,  a  more  detailed 
investigation  of  the  pros  and  cons  of  T-  and  Y-shape  is 
recommended,  since  the  possible  resolution  improvements 
of  the  Y  may  not  balance  out  the  processing  problems. 
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Parameter 

Optimum  Figure 

Acceptable  Figure 

Spatial  Coverage 

global 

global  up  to  ±85®  NS 

Spatial  Resolution 

10-20  km 

up  to  50-60  km 

Temporal  Coverage 

full  year 

n.a. 

Temporal  Resolution 

1  day 

up  to  about  3  days 

Local  Time  of  Measurement 

dawn-dusk 

arbitrary 

Nominal  Incidence  Angle 

50® 

0® 

Range  of  Incidence  Angles 

45®-55® 

0®-35® 

Polarisation 

H+V 

HorV 

Sensor  Frequency 

1.4  GHz 

n.a. 

Sensor  Bandwidth 

^  25  MHz 

n.a. 

Radiometric  Sensitivity 

0.5  K 

up  to  about  1.0  K 

Radiometric  Accuracy 

1.0  K 

up  to  about  3.0  K 

Fig.  1  Scientific  requirements  for  soil-moisture  .sensing 
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T-Shape 


U’Shape 


Y-Shape 


DEDICATED 

LOW 

ORBrr 


NADIR 

SENSOR 


OFF-NADIR 

SENSOR 


Mean  Orbit  Altitude 
Orbit  Inclination 
Required  Swath 


Off-Nadir  Angle  COC 
FOV-CR 


Incidence  Angles 


Res.  {1 0  m)  45“ 


STANDARD 

ORBrr 

Mean  Orbit  Altitude 
Orbit  Inclination 
Required  Swath 

NADR 

SENSOR 

Off-Nadir  Angle  COC 
FOV-CR 

Incidence  Angles 

Res.  (10  m)  COC 
Res.  (10  m)  EOC 

OFF-NADIR 

SENSOR 

Off-Nadir  Angle  COC 
FOV-CR 

Incidence  Angles 

Res.  (10  m)  45“ 
Res.  (10  m)  55“ 

466.1  km 
97.3“ 
2617  km 


not  leasible  lor 


not  feasible  for 
global  coverage 
at 

45-55“ 

incidence 


799.8  km 
98,6“ 
2800  km 


not  feasible  for 
global  coverage 
at 

0-35“ 

Incidence 


not  feasible  for 
global  coverage 
at 

45-55“ 

incidence 


2.3  d 


429.0  km 
97.1“ 
1136  km 


global  coverage 
incidence 


not  feasible  for 
global  coverage 
at 

45-55“ 

incidence 


740.5  km 
98.4“ 
1215  km 


not  feasible  for 
global  coverage 
at 

0-35“ 

incidence 


18.6“ 
±44.2“  (!) 


38.8  X  25.7  km 
60.2  X  30.3  km 


3.2  d 


466.1  km 
97.3“ 
818  km 


at  0-3:>“ 


1 5.5“ 

±  40.6“  (!) 
45-55° 

25.8  X  16.4  km 
41.4  X  19.6  km 


Fig.  2  System  impacts  of  orbit  options 


Number  of  Antenna  Elements 
Number  of  Receiver  Chains 
Niimher  of  Comolex  Correlators 


175 

175 

175 

175 

5375 

5133 

Fig.  3  Overview  of  scan  options 


Sensor  Type 


Orbit  Type 
Mean  Orbit  Altitude 
Orbit  Inclination 

Nodal  Crossing  Time _ 


Off-Nadir  Angle 
IFOV-CR 
IFOV-ON 
Swath 


Sensor  Frequency 
Sensor  Bandwidth 
Sensor  Polarisation 
Spatial  Resolution 
Temporal  Resolution 
Radiometric  Sensitivity 

Radiometric  Accuracy _ 

Total  Sensor  Mass 

Total  Sensor  Power  Consumption 


NADIR 
LINE  SCAN 


sun-synchronous 
799.8  km 
98.6“ 

10:00  h  AM 


0“ 

±28.6“ 

±28.6“ 

690  km _ 


1.4  GHz 
<  25  MHz 

H  or  V _ 

20-60  km 
1/3.2  d 
<1.0  K 

<3.0  K _ 

<200-300  kg 
<300-600  W 


45  -  65“ 
CONICAL  SCAN 


Number  of  Antenna  Elements 
Number  of  Receiver  Chains 
Number  of  Complex  Correlators 
Sensor  Frequency 
Sensor  Bandvridth 
Sensor  Polarisation 


n.a. 

175 

n.a. 

175 

n.a. 

5375 

1.4  GHz 

,1.4  GHz 

5  25  MHz 

'20  MHz 

H  + V 

Ir/V  switched 

0® 

31.3“ 

n.a. 

15.4“  X  ±24.5“ 

n.a. 

250  X  890  km 

n.a. 

0.780  X  0.780 

global,  a  ±85“  global,  ±8 
up  to  about  3  days  3.2  days 


global,  ±8o.5 
3.2  days 


1.4  GHz 
<  25  MHz 
H  4- V 
20-60  km 
1/3.2  d 
<1.0  K 
<3.0  K 
<200-300  kg 
<300-600  W 


Spatial  Resolution  20-60  km 

45“  Incidence  B-Window 
50*  Incidence  B-Window 
55“  Incidence  B-Window 


Radiometric  Sensitivity  (AT) 

Al-Snapshot  B-Window 
AT-Processed  B-Whdow 
Multilook  Requirement 

_ Multitook  Availability  _ _ 

Radiometric  Accuracy _ ^3  0  ^ _ 

Total  Mass  5200-300  kg 

Total  Power  Consumpt.  (realist.)  5300*600  W 
(optimist.  1  _ 


40.7  X  28.5  km 
48.9  X  30.8  km 

60.7  X  33  5  km 


1.97  K 
0.99  K 

4 

4  ...  6 _ 

_  poss.  w.  Blackman 
about  270  kg 
about  600  W 
down  to  400  W 


2.12  K 
0.95  K 
5 

4...  7 _ 

poss.  w.  Blackman 
about  280  kg 
about  600  W 
down  to  400  W 


Fig.  4  Deduced  instrument  requirements 


Fig.  7  Performances  and  budgets  (45-55®  CON.  SCAN) 
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ABSTRACT 

The  European  Space  Agency  (ESA)  is  conducting  a  feasi¬ 
bility  study  on  MIRAS,  a  Microwave  Imaging  Radiome¬ 
ter  using  two  dimensional  Aperture  Synthesis,  for  the 
mapping  of  soil  moisture  and  ocean  salinity  from  space. 
An  aircraft  breadboard  of  this  instrument  is  currently 
being  integrated  and  will  be  flown  in  Spring  1996.  This 
paper  concentrates  on  the  results  achieved  following  the 
integration  of  the  prototype.  The  breadboard  consists 
of  an  11  element  Y-shaped  bi-dimensional  L-band  in¬ 
terferometer  which  can  be  switched  to  measure  the  two 
polarizations. 

In  addition  the  future  activities  related  to  MIRAS  are 
presented.  A  technology  demonstrator  of  MIRAS  is  pro¬ 
posed  as  a  first  major  step  towards  a  future  spaceborne 
sensor. 

AIRBORNE  DEMONSTRATOR 

The  second  part  of  the  MIRAS  program  is  devoted  to 
the  demonstration  of  the  concept  capabilities  through  a 
breadboard  to  be  flown  on  a  C  130.  Miras  breadboard  is 
identical  to  the  central  part  of  Miras  spaceborne  instru¬ 
ment,  i.e.  it  works  at  L  band  and  has  a  Y  shape  anten¬ 
na  with  0.65  m  long  arms  and  11  Elementary  Radiating 
Elements.  The  11th  one  enables  the  phase  restoration 
capability  to  suppress  phase  errors  due  to  mechanical 
deformation  of  the  antenna  and  residual  receiver  errors. 

The  main  elements  of  MIRAS  breadboard  are:  a 
Y-shaped  11  element  array,  the  L-band  receivers  with 
switched  polarization,  an  optical  harness  which  dis¬ 
tributes  the  clock  reference  to  the  receivers  and  a  cor¬ 
relator  unit  which  digitizes  in  1  bit  the  receivers  outputs 
and  correlates  them  during  an  integration  time  of  0.285 


seconds.  Two  kinds  of  calibration  signals  are  provided  to 
the  receivers  within  the  breadboard:  a  common  noise  ref¬ 
erence  supposed  to  produce  a  known  output  correlation 
and  11  independent  50  ohms  loads  supposed  to  produce 
a  zero  output. 

MIRAS  Antennas 

The  11  cup  dipole  antennas  of  MIRAS  demonstrator 
have  been  manufactured  and  tested  with  their  environ¬ 
ment.  Their  diagram  patterns  are  very  similar  with  di¬ 
rectivities  lying  between  9  and  9.2  dB  (18.5  cm  aper¬ 
ture),  including  the  effects  of  the  thermal  box  side  walls 
simulated  during  the  measurements.  The  half  power 
beamwidth  is  between  65°  and  70°  depending  on  the 
cut  plane  and  the  polarisation.  The  normalized  phase 
discrepancy  between  antennas  is  less  than  5°  within  the 
IFOV.  The  cross  polarisation  level  is  —20  dB  but  —30 
dB  inside  the  IFOV.  The  coupling  between  antennas  is 
less  than  —25  dB. 

L-band  Receivers 

The  low  noise  amplification,  radio  interferences  Altering, 
and  I  and  Q  demodulation  are  achieved  by  11  receivers 
units  installed  around  the  structure,  phase  locked  onto  a 
common  clock  distributed  by  optical  fibers.  They  exhib¬ 
it  100  dB  gain  and  1.3  dB  noise  figure  at  1.41  GHz. 

Correlator  Unit 

MIRAS  demonstrator  requires  55  complex  (or  110  real) 
correlators.  They  are  implemented  in  a  single  10  dm^  u- 
nit  b€ised  on  FPGA  circuits  for  the  digital  sections.  The 
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two  critical  performances  of  the  correlators  are  the  noise 
and  the  accuracy.  MIRAS  correlator  perfectly  fits  to 
the  1  bit  correlator  theory,  no  additional  noise  being  ob¬ 
served.  As  far  as  the  correlation  accuracy  is  concerned 
the  almost  only  contributor  is  the  offset  of  the  A/D  1 
bit  converter.  Using  independent  noise  sources  as  input 
signals,  the  correlators  give  outputs  as  low  as  10““*,  some 
of  them  reaching  3  x  10“^  which  has  a  negligible  impact 
on  MIRAS  breadboard  performances. 

SYSTEM  PERFORMANCE  AND  ERROR  ANALYSIS 

The  system  basic  performance  of  the  spaceborne  version 
of  MIRAS  has  been  further  studied  in  terms  of  spatial 
resolution  and  radiometric  sensitivity.  Spatial  resolution 
has  been  computed  including  all  the  available  (u,v)  sam¬ 
ples  given  by  the  Y-array.  The  synthesized  half-power 
beamwidth  ranges  from  0.77®  to  1.10°  at  boresight,  de¬ 
pending  on  the  weighting  function.  It  broadens  up  to 
0.82°  or  1.14°  respectively  due  to  fringe- washing  effects 
at  the  swath  edge.  The  radiometric  sensitivity  has  been 
studied  taken  into  account  predetection  filters  shape,  the 
use  of  DSB  receivers  and  the  effect  of  the  digital  corre¬ 
lator  being  used.  Snap-shot  radiometric  sensitivity  for 
0.3  seconds  integration  time  is  between  13  and  5  K,  de¬ 
pending  on  the  weighting  function.  This  sensitivity  is 
improved  by  a  factor  of  6  when  the  complete  dwell  time 
corresponding  to  the  pixel  is  used  as  integration  time. 
The  radiometric  resolution  reaches  a  saturation  thresh¬ 
old  for  large  signal  to  noise  ratios  due  to  discretization 
errors. 

The  sources  of  error  have  been  classified  according  to 
their  origin  and  the  feasibility  of  their  calibration  into 
the  following  three  main  groups: 

1)  antenna  errors:  amplitude  and  phase  ripple  in  the  pat¬ 
tern,  coupling,  mispointing,  in-plane  and  out-of-plane 
position  errors,  polarization  cross-talk; 

2)  receiver  errors:  in-phase  channel  errors  (phase  and  de¬ 
lay  time  offsets),  I/Q  quadrature  errors  and  amplitude 
errors; 

3)  baseline  errors:  phase  and  amplitude  errors  (differ¬ 
ences  of  frequency  response  between  receivers  chains), 
offset  errors  due  to  unwanted  correlated  signals  (i.e.  LO 
leakage),  as  well  as  1  bit  quantizer  threshold  offsets. 

Receiver  errors  appear  as  separate  amplitude  factors  or 
phase  summand  errors  in  the  measured  visibility  samples 
and  can  be  calibrated  by  a  distributed  network  of  noise 
sources.  On  the  contrary,  baseline  amplitude  and  phase 
errors  appear  as  mixed  terms  with  parameters  coming 
from  the  particular  pair  of  receivers  and  must  be  cali¬ 
brated  by  noise  injection  from  a  single  noise  source. 

The  analysis  of  system  errors  shows  that  the  most  im¬ 
portant  contributors  to  the  radiometric  resolution  are 
the  antenna  pattern  amplitude  and  phase  ripple  (must  be 
known  to  0.25%  and  0.5°),  antenna  mutual  coupling  (mu¬ 


tual  impedances  to  within  5%)  and  the  baseline  phase 
and  amplitude  errors  which  requires  very  well  matched 
filters.  These  errors  must  be  known  to  the  mentioned 
levels  in  order  to  be  able  to  correct  them  during  the  in¬ 
version  process. 

ON-BOARD  MIRAS  CALIBRATION  PROCEDURE 

An  original  hardware  calibration  scheme  is  proposed  for 
MIRAS  spaceborne  sensor  whose  potential  can  be  tested 
with  the  aircraft  breadboard  [2,  4].  The  method  avoid- 
s  the  problems  of  a  centralized  noise  distribution  net¬ 
work,  namely,  the  mass  of  the  cables  and  their  electri¬ 
cal  matching.  This  is  possible  by  using  several  noise 
sources  distributed  along  the  array  which  inject  calibra¬ 
tion  noise  into  groups  of  8  receivers  with  an  overlapping 
of  4  receivers  between  groups.  Only  the  half  of  the  noise 
sources  which  is  connected  to  non  overlapping  groups  of 
receivers  is  switched  at  a  time,  so  that  the  noise  sources 
are  switched  sequentially. 

This  scheme  provides  a  set  of  calibration  measure¬ 
ments  that  fiUows  to  solve  for  the  receiver  phase  and 
quadrature  error  terms.  It  also  allows  to  compute  the  e- 
quivalent  noise  temperature  of  the  receivers  and  the  am¬ 
plitude  of  the  calibration  noise  signals  themselves  (except 
the  reference  one  which  is  assumed  to  be  known),  which 
determine  the  gain  factors  of  the  normalized  visibility 
samples.  The  main  hardware  calibration  steps  are: 

1)  correlators  offset  calibration  by  injection  of  uncorre¬ 
lated  noise  (matched  loads); 

2)  inversion  of  the  l-bit/2-level  digital  correlator  re¬ 
sponse  to  find  the  normalized  visibility  samples  ; 

3)  estimation  of  the  in-phase  and  quadrature  receiver  er¬ 
rors  by  alternated  correlated  noise  injection; 

4)  removal  of  the  noise  contribution  of  the  noise  distri¬ 
bution  network  and  addition  of  the  noise  induced  by  the 
antenna  network; 

5)  application  of  the  normalization  gain  factors  to  the 
normalized  visibility  samples  (antenna  temperature  mea¬ 
sured  by  the  total  power  radiometer  and  receiver  noise 
temperatures); 

6)  calibration  of  in-phase  and  quadrature  receiver  errors 
using  (3)  through  (5); 

7)  calibration  of  antenna  coupling  using  ground  antenna 
measurements. 

INVERSION  ALGORITHM 

An  inversion  algorithm  is  proposed  based  on  the  hexago¬ 
nal  FFT  presented  in  [5]  which  is  able  to  operate  directly 
with  the  measured  (u,v)  samples  over  the  hexagonal  grid 
given  by  the  Y-shaped  array,  avoiding  any  interpolation 
process,  signal  to  noise  ratio  degradation  and  induced  ar¬ 
tifacts.  Hexagonal  processing  can  be  performed  efficient¬ 
ly  with  standard  rectangular  FFT’s  provided  that  the 
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(77,  direction  cosines  grid  is  chosen  over  the  reciprocal 
grid  of  the  (u,v)  one:  memory  savings  are  13.4%  and  the 
computational  load  is  reduced  by  a  25%.  The  number 
of  brightness  temperature  pixels  in  the  basic  hexagonal 
cell  is  the  same  as  the  total  number  of  correlations,  re¬ 
dundant  or  not.  The  number  of  visibility  samples  which 
must  be  set  initially  to  zero  is  equal  to  the  number  of 
redundant  correlations. 

The  image  reconstruction  procedure  can  be  decom¬ 
posed  into  three  main  steps.  In  order  to  get  rid  of  phase 
errors  due  to  antenna  deformations  and  residual  errors 
from  the  on-board  hardware  calibration,  an  operation 
of  redundant  spacing  calibration  is  performed  first.  The 
cost  for  this  spectral  reduction  of  phase  closure  data  is 
a  translation  indetermination  in  the  real  space  [3].  The 
very  process  of  image  reconstruction  comes  next  based 
on  the  linear  relationship  between  the  visibilities  and  the 
brightness  temperature  distribution.  The  final  step  con¬ 
sists  in  raising  the  translation  indetermination  for  which 
several  strategies  can  be  adopted. 

The  initial  guess  of  the  reconstruction  algorithm  is 
obtained  by  direct  Hexagonal  Fourier  inversion  of  the 
calibrated  visibilities  and  compensation  by  the  average 
antenna  radiation  pattern  [2,  5].  The  inversion  process 
is  accelerated  by  processing  zero  mean  differenticd  visi¬ 
bilities,  which  are  obtained  by  subtracting  the  visibility 
contributions  of  the  sky  and  that  of  an  hypothetical  con¬ 
stant  brightness  temperature  Earth  as  measured  by  the 
total  power  radiometer.  This  technique  has  been  tested 
in  a  preliminary  MIRAS  spaceborne  software  simulator 

[1]  and  has  shown  to  converge  in  a  few  iterations. 

LABORATORY  TESTS  ON  MIRAS  CONCEPT 

A  bi-dimensional  synthetic  aperture  radiometer  has  been 
used  to  simulate  the  Y-shaped  antenna  structure  used  in 
MIRAS.  This  demonstration  model  consists  of  a  calibrat¬ 
ed  2-channel  Ku-band  (16  GHz)  correlation  radiometer 
with  two  horn  antennas  and  an  antenna  mounting  struc¬ 
ture  enabling  the  horns  to  be  mounted  in  relevant  posi¬ 
tions  within  a  certain  aperture.  A  total  aperture  synthe¬ 
sis  is  obtained  by  sequentially  placing  the  two  antenna  el¬ 
ements  in  all  required  pairs  of  positions  and  measure  the 
corresponding  samples  of  the  visibility  function.  Point¬ 
ing  the  instrument  at  a  stationary  target  and  accepting  a 
longer  total  time  for  a  measurement,  the  synthetic  aper¬ 
ture  principle  can  be  demonstrated  in  this  way. 

The  number  of  samples  with  different  positions  taken 
one  by  one  add  up  to  a  thousand  and  the  total  mea¬ 
surement  takes  several  hours.  The  spacing  between  the 
antennas  in  the  Y-shaped  structure  is  0.8 A  which  is  com¬ 
parable  to  the  0.89A  in  MIRAS.  The  demonstration  mod¬ 
el  has  been  used  to  simulate  a  two  dimensional  aperture 
with  16  elements  on  each  arm  which  is  more  representa¬ 
tive  of  the  spaceborne  design.  The  tests  are  performed 


on  targets  like  the  horizon  with  simple  structures  like  a 
power  plant  and  a  50  meter  chimney  [6] .  The  two  channel 
demonstration  has  been  used  to  evaluate  calibration  top¬ 
ics  as  well.  However,  the  two  channel  set-up  is  less  useful 
for  the  demonstration  of  overall  instrument  calibration 
because  errors  tend  to  add  up  in  the  image  reconstruc¬ 
tion  as  the  same  channels  are  used  for  all  measurements. 

FUTURE  ACTIVITIES  ON  MIRAS 

In  the  near  future  (Spring  1996)  the  aircraft  MIRAS 
breadboard  will  be  flown  on  board  an  Hercules  C-130 
of  the  Danish  Air  Force  over  a  site  in  the  north  of  Den¬ 
mark.  It  is  expected  that  these  measurements  together 
with  the  integration  ground  tests  which  are  currently 
being  performed  will  demonstrate  the  feasibility  of  the 
L-band  two-dimensional  aperture  synthesis  MIRAS  ra¬ 
diometer. 

Further  hardware  developments  on  a  Light  weight 
Cost  EFfective  L-band  antenna/receiver  assembly 
(LICEF)  and  on  an  advanced  Digital  Correlator  for 
aperture  Synthesis  applications  (DICOS)  are  being  un¬ 
dertaken  by  ESA  at  present.  These  developments  aim  at 
building  a  spaceborne  MIRAS  demonstrator  to  test  key 
functions  of  the  system  in  orbital  flight  conditions. 
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Abstract  —  The  MERAS  imaging  radiometer  presented  in 
other  papers  so  far,  includes  a  digital  one-bit  correlator  array. 
The  configuration  of  a  future  MIRAS  flight  model  features 
more  than  100  antenna  elements.  This  requires  a  correlator 
array  with  more  than  10  thousand  correlators. 

The  feasibility  of  MIRAS  will  be  demonstrated  by  a  bread¬ 
board  with  11  complex  channels  and  110  correlators.  The 
sampling  frequency  is  50  MHz  and  the  integration  time  is 
285  msec.  The  described  demonstrator  is  using  high  speed 
comparators  for  analog-to-digital  conversion  and  field- 
programmable  gate  arrays  (FPGAs)  for  digital  processing. 

The  tests  using  a  specific  testbed  have  turned  out  the  diffi¬ 
culty  of  stimulating  the  correlators  for  the  purpose  of  precise 
calibration. 

The  described  correlator  has  been  developed  for  the  Euro¬ 
pean  Space  Agency. 

L  INTRODUCTION 

Techniques  of  radiometry  using  frontends  with  aperture 
synthesis  has  been  widely  reported  and  discussed  in  [1],  [2], 
[3],  [4]  and  others.  Suitable  and  affordable  implementation 
techniques,  in  particular  for  the  correlators,  are  extensively 
traded.  Performance  efficiency  of  the  technique  and  power 
consumption  of  the  technologies  are  the  major  competing 
criteria.  Now,  when  radiometers  of  this  kind  have  been  taken 
into  consideration  for  deployment  on  space  platforms,  mass 
and  volume  have  become  additional  critical  benchmarks. 

The  major  design  drivers  of  a  correlator  are  the  analog 
section  (EMI  robustness),  the  sampler  (only  for  digital  im¬ 
plementations),  the  multiplier  and  the  integrator.  The  noise 
bandwidth  is  usually  bound  to  the  baseband  limit  frequency 
of  analog  amplifiers  and/or  to  the  realizable  sampling  and 
processing  frequency  in  digital  correlators.  The  references 
are  unanimously  confirming  that  the  digital  technology  ap¬ 
pears  most  promising  for  an  implementation  of  huge  correla¬ 
tor  arrays. 

With  a  Nyquist  sampling  frequency  fs  related  to  the  noise 
bandwidth,  the  performance  of  a  complex  correlator  in  terms 
of  the  standard  deviation  of  the  visibility  value  is  defined  by 
the  relation 

Ar/T-  1/[11  (0.5/,  xy'^] .  (1) 

where  x  is  the  integration  time  of  the  correlator,  r\  is  the 
efficiency. 

The  choice  of  a  suitable  technology  is  mainly  determined  by 
the  maximum  possible  product  (r|  fsl/2  ). 

It  is  evident  that  a  sampler  followed  by  a  one-bit  ADC 
(analog-to-digital  converter)  and  a  correlator  offers  the  high¬ 


est  sampling  and  processing  speed  but  features  only  moderate 
efficiency  (r|=0.64).  Higher  efficiency  can  be  obtained  by 
more  levels,  e.g.  ri=0.8  for  a  3-level  (2-bit)  correlator  or  a  1- 
bit  by  multi-bit  correlator  [1],  but  the  processing  rate  is  sig¬ 
nificantly  worse  than  for  the  simple  1-bit  correlator.  A  tech¬ 
nological  step  off  the  1-bit  correlator  reduces  the  processing 
speed  by  at  least  a  factor  of  2.  Hence  the  (rj  /^^^^)-product  of 
the  1-bit  correlator  is  very  close  to  that  of  a  multi-bit  correla¬ 
tor.  The  ultimate  choice  in  favor  of  a  1-bit  correlator  will 
finally  be  taken  upon  power  consumption,  technological 
complexity  and  low  sensitivity  to  absolute  level  variations. 

These  issues  have  been  the  base  for  the  design  of  MIRAS 
(Microwave  Imaging  Radiometer  with  Aperture  Synthe- 
sis),described  in  [4].  A  breadboard  has  been  implemented 
and  constructed  for  a  demonstration  on  a  C  130  aircraft. 

n.  ARCHITECTURE  OF  THE  CORRELATOR 

The  MIRAS  breadboard  includes  a  CPMU  (Correlator  and 
Power  Measurement  Unit)  tailored  to  an  antenna  and  RF 
configuration  with  1 1  complex  channels  (each  consisting  of 
an  in-phase  and  a  quadrature-phase  branch).  The  correlator 
unit  is  composed  of  110  individual  correlators  thus  offering 
full  redundancy  for  the  purpose  of  comprehensive  experimen¬ 
tal  studies.  As  the  1-bit  correlator  eliminates  the  absolute 
noise  level,  a  Power  Measurement  subunit  has  been  added. 

The  functional  elements  of  the  CPMU  are  drawn  in  Fig.  1, 
The  unit  is  fed  by  21  noise  channels  band-limited  to  25  MHz. 
All  channels  are  synchronously  sampled  at  50  MHz.  Thereaf¬ 
ter,  the  digital  signals  are  distributed  to  the  110  correlators. 
Each  correlator  performs  an  integration  over  285  msec,  A 
24-bit  accumulator  is  split  into  a  fast  and  a  slow  counter  in 
order  to  save  electrical  power.  The  16  most  significant  output 
bits  are  multiplexed  along  with  the  output  of  the  Power 
Measurement  Unit  (PMU)  and  dumped  through  an  IEEE-488 
interface  to  a  PC  (personal  computer). 

The  PC  performs  a  linearisation  with  a  sine-conversion 
and,  then,  a  correction  of  the  CPMU  output  data  by  applying 
data  from  a  calibration  map. 

Ill,  DESIGN  AND  IMPLEMENTATION 

The  critical  elements  of  the  CPMU  hardware  are  the  com¬ 
parator  and  the  fast  counter.  Moreover,  the  distribution  net¬ 
work  between  the  samplers  (latches)  and  the  correlators 
proper  will  become  a  challenge  when  in  future  large  scale 
systems  thousands  of  correlators  are  to  be  fed. 

The  comparator  is  the  high  speed  device  MAX  902.  Its 
output  port  is  linked  to  a  D-flip-flop  sampler.  All  samplers 
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are  synchronously  clocked.  The  sampling  rate  of  50  MHz  is 
limited  by  the  capability  of  the  following  fast  counter.  All 
signal  lines  from  CPMU  input  up  to  the  samplers  and  all 
clock  lines  from  the  common  generator  to  the  samplers  are 
carefully  aligned  to  a  maximal  differential  delay  of  30  ps  in 
order  to  keep  undesired  de-correlation  effects  Ap  below  lO'"^. 
After  sampling,  the  timing  constraints  are  relaxed  to  some 
nano-seconds  (about  one  quarter  of  the  clock  period). 
Correlators  of  a  future  operational  MIRAS  instrument  are 
needed  in  a  great  volume  and,  therefore,  they  should  be  im¬ 
plemented  in  ASIC's  (application  specific  integrated  cir¬ 
cuits).  The  correlators  of  the  CPMU  breadboard,  however, 
have  been  implemented  in  FPGA's  (field  programmable  gate 
arrays),  for  financial  reasons.  An  ACTEL  1225  device  has 
been  used  for  operation  up  to  50  MHz.  Each  device  accom¬ 
modates  both  a  sub-matrix  of  5x5  correlators  and  its  associ¬ 
ated  data  distributor.  Each  correlator  is  composed  of  an 
EXOR  element  (multiplier)  and  a  5-bit  counter. 

Another  FPGA  type,  ACTEL  1280,  accommodates  14  post 
accumulators  with  19  stages,  each,  clocked  at  6.25  MHz  in 
order  to  save  electrical  power. 

The  circuitry  for  timing  and  control  of  the  CPMU  as  well 
as  the  integrator  of  the  Power  Measurement  Unit  are  brought 
into  one  ACTEL  1280.  So  the  entire  CPMU  with  110  corre¬ 
lators  and  all  control  functions  is  using  15  FPGA's. 

The  CPMU  is  housed  in  a  19-inch  drawer  with  4  height 
units.  The  power  consumption  is  below  12  Watts. 

The  accumulator  of  a  correlator  is  a  straight  up-counter; 
this  to  realize  is  easier  than  an  up/down-counter  mentioned 
in  the  literature.  The  content  n  of  the  accumulator  is  nmax  =  /s 
X  at  full  correlation,  and  n^aJl  at  zero  correlation.  The  nor¬ 
malized  non-linear  visibility  value  Vn  is  obtained  by  = 
2nfnmm  -  L  The  linearized  visibility  value  Vj  is  derived  by 
Vi  =  sin(V;,  tx/2). 

Finally,  the  corrected  visibility  value  Vc  is  obtained  by 
three  calibration  values,  one  characteristic  triplet  per  correla¬ 
tor.  The  approximation  Vc  =  a  +  b  Vi  +  c  Vj^  calibrates  the 
individual  offset,  tilt  and  first-order  bend  of  a  correlator 
response.  The  corrections  allow  for  electro-magnetic  inter¬ 
ference  and  imperfections  of  the  hardware  implementation  in 
particular  of  the  analog  section.  110  triplets  of  parameters  a, 
by  c  are  stored  in  a  PC.  Eventual  recording  of  triplets  vs. 
temperature  allows  thermal  calibration  of  the  correlators. 

IV.  TESTCONHGURATION 

The  measurement  of  the  correlation  response  of  the  unit 
requires  two  sources  of  bandlimited  white  noise  whose  cross- 
correlation  can  be  preset.  The  selected  test  set-up  is  sketched 
in  Fig.  2.  One  noise  source  is  directly  linked  to  one  correlator 
input  port,  while  the  other  port  is  fed  by  a  mix  of  two  uncor¬ 
related  noise  signals.  The  power  ratio  of  the  mix  is  denoted 
as  NPR  (noise  power  ratio).  The  preset  correlation  p  of  the 
correlator  input  signals  is  determined  by 

p  =  {\+NPRy''^ .  (2) 
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Fig.l:  Architecture  of  the  MIRAS  Correlator  and  Power 
Measurement  Unit 


The  accuracy  of  p  depends  on  the  measurement  of  the 
NPR.  The  test  bed  is  arranged  such  that  the  same  power 
meter  is  used  for  both  noise  ingredients  at  the  second  port. 
The  accuracy  of  p  is  highest  at  NPR  -  1,  i.e.  at  p  =  0,707. 

All  other  settings  of  the  NPR  suffer  from  the  residual  error 
of  the  power  ratio  measurement.  With  the  available  power 
meter,  HP  436A  &  8481 A,  the  error  is  bound  to  about  0.2  dB 
within  the  same  measurement  range,  and  to  0.4  dB  over  two 
ranges. 

A  relative  precise  prediction  of  p  is  supposed  at  p=0  where 
the  two  noise  sources  are  separately  feeding  the  two  correla¬ 
tor  input  ports.  Careful  shielding  is  required  in  order  to  avoid 
adverse  effects  through  finite  cross-coupling  and  environ¬ 
mental  spurious  signals  like  from  computer  networks. 

The  case  at  p=l,  where  one  source  is  feeding  the  two  cor¬ 
relator  inputs  ports,  constitutes  a  configuration  easy  to  im¬ 
plement  and  reliable  in  prediction.  However,  it  is  not  an 
operational  mode  that  may  occur  in  MIRAS. 

Statistical  properties  of  the  correlator  have  been  obtained 
by  evaluating  50  consecutive  measurements,  one  every  285 
msec. 


V.  TEST  RESULTS 

Fig.  3  shows  the  linearized  response  of  correlator  No.l. 
Fig.  4  shows  the  deviation  from  a  linear  response.  The  re¬ 
sponse  is  essentially  due  to  the  imperfect  setting  and  meas¬ 
urement  of  the  input  correlation  p.  This  becomes  evident  by 
the  small  deviation  at  p=(0,  0.707  and  1)  where  the  knowl¬ 
edge  of  the  power  ratio  is  most  precise. 

The  standard  deviation  (Fig.  5)  complies  with  the  expected 
values. 

A  survey  of  all  110  correlators  at  p=0,707  exhibits  some 
groups  of  correlators  which,  prior  to  calibration,  significantly 
deviate  from  the  expected  value  (see  Fig.  6).  This  is  due  to 
deficiencies  in  the  layout  of  the  analog  part  of  the  CPMU. 
Signal  coupling  and  interference  from  clock  lines  into  the 
signals  are  resulting  in  a  de-correlation  effect.  After  calibra¬ 
tion,  the  CPMU  was  performing  adequately. 

VI.  CONCLUSION 

The  demonstrator  of  the  CPMU  has  met  the  relevant  per¬ 
formance  objectives.  The  use  of  FPGA's  have  paved  the  way 
for  future  large  scale  correlator  systems  in  space. 
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ABSTRACT—  The  spatial  resolution  made  by  matched 
filtering  along  a  track  of  a  supersynthesis  radiometer  is 
evaluated  with  different  baseline  off-nadir  angle  of  the 
interferometer  used  for  the  synthesis.  A  nearly  vertical 
baseline  is  convenient  for  the  synthesis,  but  a  combination 
of  multiple  interferometers  is  possible  to  make  a  finer 
spatial  resolution. 

INTRODUCTION 

A  supersynthesis  radiometer(SSR)^^^‘^^^  is  a  kind  of 
synthetic  aperture  interferometric  radiometer.  The  principle 
is  a  synthesis  on  the  basis  of  the  phase  change  of  the 
correlation  signal  between  signals  received  by  two  antennas 
aligned  along  vehicle  track.  The  phase  history  of  the 
correlation  signal  is  caused  by  the  varying  incidence  angle 
of  a  ground  microwave  emission  to  the  baseline  of  the 
interferometer  composed  of  two  receiving  antennas.  Since 
the  beam-widths  of  these  antennas  must  be  broad  to  receive 
ground  microwave  with  a  wide  incidence  angle  change  to 
the  interferometer  baseline,  small  antennas  are  required 
along  the  track.  Therefore,  they  are  easily  attached  to  a 
vehicle,  for  example,  to  a  small  satellite. 

Imaging  procedures  of  the  SSR  is  expressed  and 
the  characteristics  of  the  off-nadir  angle  of  the 
interferometer  baseline  particularly  concerning  the 
spatial  resolution  is  discussed. 

BASICS  OF  SUPERSYNTHESIS 

I 

I 

I 

I 


Fig.l  Configuration  of  an  interferometer  of 
supersynthesis  radiometer 
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A  configuration  of  an  interferometer  used  for  a 
supersynthesis  radiometer  is  shown  in  Fig.  1.  The  synthesis 
is  effective  only  along  the  track,  and  the  performance  is 
discussed  in  the  vertical  plane  of  Fig.l.  A  point  target  is 
adopted  for  simplicity  to  illustrate  the  performance  of  the 
radiometer  and  the  process  of  image  retrieval.  Two 
vectors  denoting  the  direction  of  the  target  and  the 
interferometer  baseline  from  the  reference  antenna  #1  are 
mathematically  described  in  Fig.l.  The  phase  of  the 
correlation  output,  that  is,  a  visibility  function  is  expressed 
from  a  scholar  product  of  these  two  vectors: 

2dn{hCosa  -  vtCosa) 


(^(0  =  - 


(1) 


The  frequency  of  the  visibility  function  is  a  time  differential 
of  the  (l)(t)  and  some  calculated  examples  of  the  frequency 
history  are  shown  in  Fig.2  with  a  model  of  the  altitude  h, 
velocity  v  and  the  baseline  length  d  of  700Km,  7Km/s  and 
50  wavelength,  respectively. 

Since  the  frequency  curve  near  the  position  just  over  the 
target,  that  is,  the  origin  presents  a  linear  and  monotonous 
variation,  a  matched  filtering  is  possible  for  the  retrieval  of 
the  target  image.  It  is  an  analogy  to  the  imaging  process  of 
a  synthetic  aperture  radar. 

When  the  ground  is  far  enough  from  the  interferometer, 
the  incident  signal  is  assumed  to  have  a  planer  wavefront. 
Therefore,  if  the  antenna  #2  is  redefined  as  a  phase 
reference,  the  complex  conjugate  of  the  measured  visibility 
function  is  the  same  as  that  of  the  imaginary  interferometer 
illustrated  in  Fig.l.  The  frequency  curve  of  the  complex 
conjugate  function  is  shown  in  Fig.2  corresponding  to  the 
original  one  with  the  off-nadir  angle  of  30  degree.  This  is 
a  special  feature  that  an  interferometric  synthesis  can  utilize 
almost  twice  the  measured  visibility  function  data,  and  the 
composite  interferometric  synthesis  improves  a  spatial 
resolution  only  when  the  resultant  frequency  range  after  the 
duplication  is  continuous.  That  corresponds  to  the  condition 


,  /•'"Conjugate  (30) 
Frequency(Hz)  / 


Fig.  2  Frequency  histories  of  visibility 
functions 
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that  zero  frequency  must  be  included  in  the  frequency 
history  of  the  visibility  function  used.  Since  the  position  of 
the  zero  frequency  is  far  from  the  origin  in  the  case  of  large 
off-nadir  angle  of  the  baseline,  the  composite 
interferometric  procedure  is  not  efficient  due  to  the 
excessively  long  integration  range. 

The  procedure  of  the  retrieval  is  illustrated  in  Fig.3 
on  the  basis  of  an  ordinary  matched  filtering  with  the 
off-nadir  angle  30  degree.  Only  the  real  part  of  a 
complex  visibility  function  is  shown  with  the 
frequency  (b)  and  its  gradient  (c)  histories  of  a  point 
target.  A  reference  function  (e)  which  is  a  complex 
conjugate  to  the  above  visibility  function  is  used  for  the 
matched  filtering.  For  the  image  retrieval  around  the 
target,  the  integration  of  the  product  of  the  visibility 
and  reference  functions  is  executed.  By  scanning  the 
position:dx,  a  point  target  response  (h)  is  obtained. 

Since  the  frequency  history  is  not  exactly  linear,  a 
specific  taper  window  (f)  is  applied  in  addition  to  a 
triangular  taper  (g)  which  is  also  modulated  to  be 
triangular  in  frequency  domain. 


(c)Inclination  of 

Frequency  history 


(a)Visibility  fimctioo 


Track  of  motion 
X  Position  of  a  point  target 


Position  of  Retrieval 

(d)  Integration  Range 
for  Retrieval 


(h) Point  target  response 


Fig.3  Procedure  of  Ordinary  matched  filtering 


A  retrieval  procedure  of  the  composite  interferometric 
synthesis  is  shown  in  Fig.4.  When  the  conjugate  visibility 
function  is  additionally  used,  their  frequencies  are  partly 
overlapped  around  zero  frequency.  Therefore,  the  data  (a) 
and  (b)  used  without  redundancy  are  shorter  than  that  for 
the  ordinary  matched  filtering.  The  composite  frequency 
range  becomes  nearly  twice  the  original.  The  integration  are 
separately  executed  using  each  reference  functions  (g)  and 
(i).  The  triangular  taper  window  must  have  its  maximum  at 
zero  frequency,  that  is,  the  center  of  the  whole  data  used  as 
shown  by  (h)  and  (j).  The  resolution  by  the  composite 
interferometric  synthesis  is  better  by  about  40%  than  that  by 
an  ordinary  matched  filtering. 
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Fig.  4  Procedure  of  Composite  Interferometric  Synthesis 
CHARACTERISTICS  OF  OFF-NADIR  ANGLE  OF 
INTERFEROMETER  BASELINE 
A  large  bandwidth  of  the  visibility  function  makes  a  fine 
resolution  by  matched  filtering.  Therefore,  it  is  not 
efficient  to  use  the  data  with  small  frequency  gradient.  Fig. 
5  shows  the  relation  between  the  spatial  resolution  and  the 
length  of  the  visibility  function  used  for  the  ordinary 
matched  filtering  with  different  off-nadir  angle.  The 
length  of  the  visibility  function  is  exactly  denoted  by  the 
minimum(breaking-off)  gradient  limit  of  the  frequency  of 
the  visibility  function  used  for  the  image  retrieval.  It 


Breaking-off  gradienl(%  )  of  frequency  history 

Fig.5  Spatial  resolution  in  relation  to  off-nadir  angle 
by  ordinary  matched  filtering 

shows  the  data  with  small  frequency  gradient  under  50%  of 
the  maximum  gradient  do  not  contribute  to  the 
improvement  of  the  resolution.  This  is  true  to  all  the  off- 
nadir  angles. 
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The  resolution  by  the  composite  interferometric  synthesis 
is  improved  as  shown  in  Fig.6,  when  it  is  applicable.  The 
procedure  is  not  applicable  due  to  lack  of  zero  frequency 
part  in  the  visibility  function,  if  the  small  frequency 
gradient  part  of  the  visibility  function  is  not  used.  The  best 
improvement  is  obtained  at  30  degree  in  off-nadir  angle 
with  the  breaking-off  gradient  of  50%. 

From  the  view  point  of  spatial  resolution  the  best  design 
parameters  are  30  degree  in  off-nadir  angle  and  50%  in 
breaking-off  gradient  of  the  frequency  of  visibility  function. 


Breaking-off  gradient(%)  of  frequency  history 

Fig.6  Spatial  resolution  by  composite  interferometric 
synthesis  in  relation  to  the  breaking-off  gradient  of  the 
frequency  of  visibility  function 


Fig.7  Effective  emissivity  after  propagation 
attenuation  through  slant  path 
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Off-Nadir  rangle 
Fig.8  Observation  angle  range  through  which  a 
visibility  function  is  measured  to  50%  breaking- off 
gradient  for  different  off-nadir  angle  of  interferometer 
baseline(15  degree  step) 

The  angular  characteristic  of  ground  emission  is  not 
considered  above.  But  the  angular  characteristic  is 
important  not  only  for  getting  a  physical  information  of  the 
target  but  for  the  retrieval  itself  of  a  ground  image  by 
supersynthesis,  since  the  integration  data  for  image  retrieval 
are  too  long  for  a  large  off-nadir  angle. 

The  angular  change  of  the  power  of  the  microwave 
ground  emission  incident  to  the  interferometer  is  shown  in 
Fig.7,  It  includes  the  effect  of  the  propagation  attenuation 
which  is  proportional  to  the  square  of  the  varying  distance 
from  the  ground  to  the  interferometer.  The  emission  signal 


seriously  decreases  over  30  degree  of  the  observation  angle. 

The  range  of  the  observation  angle  necessary  for  the 
image  retrieval  is  shown  in  Fig.  8  with  the  breaking-off 
gradient  of  50%  in  the  visibility  function.  The  angular 
range  of  0  degree  off-nadir  is  symmetrical  around  the  nadir, 
but  the  horizontal  baseline  (90  degree  in  off-nadir)  has  an 
angular  range  which  is  displaced  far  from  the  nadir  to  49 
degree  where  the  signal  strength  decreases  to  lower  than  a 
half  of  that  of  the  nadir  case.  Since  the  maximum 
observation  angle  of  30  degree  off-nadir  is  about  32  degree 
and  the  signal  decrease  is  small,  the  best  specification  is  30 
degree  off-nadir  and  the  breaking-off  gradient  of  50%  for 
single  interferometer  design. 

MULTIPLE  INTERFEROMETER  DESIGN 
By  using  an  interferometer  with  a  large  off-nadir  angle, 
the  visibility  function  with  high  frequency  can  be  obtained 
though  the  necessary  data  around  zero  frequency  is  not 
included.  Fig.9  shows  a  method  of  a  composite  multiple 
interferometer  combining  two  interferometers  of  small  and 
large  off-nadir  angles.  They  are  used  to  get  two 
consecutive  parts  of  visibility  function  as  shown  by  bold 
lines.  By  using  an  additional  interferometer  of  short 
baseline  and  small  off-nadir  angle,  even  a  horizontally 
aligned  interferometer  can  gather  a  combined  wideband 
visibility  function  useful  for  the  dual  interferometer 
synthesis  through  a  reasonable  narrow  angular  range  near 
the  nadir. 


Fig.9  Combination  of  a  composite 
interferometer  for  super  synthesis 


CONCLUSIONS 

The  best  design  of  the  SSR  with  single  interferometer  is 
30  degree  in  off-nadir  angle  of  the  baseline  and  50%  in 
breaking-off  gradient  of  the  visibility  function.  Multiple 
interferometer  is  possible  to  get  a  fine  spatial  resolution 
along  the  track  of  flight. 
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Abstract:  The  measurement  of  mutual  coupling  is  being 
investigated  as  a  technique  to  aid  in  the  calibration  of 
synthetic  aperture  microwave  radiometers.  The  technique 
is  based  on  recent  research  suggesting  that  the  antenna 
patterns  that  are  needed  for  calibration  can  be 
reconstructed  from  a  measurement  of  the  mutual  coupling 
between  elements  in  the  thinned  array,  A  synthetic 
aperture  radiometer  is  particularly  suited  to  the 
measurement  of  mutual  coupling  because  the  basic 
hardware  (a  correlation  interferometer)  measures  the 
product  for  each  antenna  pair  in  the  array.  This  paper 
describes  research  to  evaluate  the  role  of  mutual  coupling 
on  the  antenna  patterns  and  describes  a  technique  to 
adapt  the  mutual  coupling  measurement  for  calibration  of 
radiometers  deployed  for  remote  sensing  from  space. 

INTRODUCTION 

Recent  research  has  demonstrated  that  synthetic 
aperture  radiometers  can  be  calibrated  at  levels  needed  to 
measure  surface  soil  moisture  [1,2].  As  a  matter  of 
convenience,  the  calibration  procedure  can  be  divided  into 
two  steps:  image  reconstruction  and  scaling. 

Image  reconstruction  involves  converting  the  instrument 
output  (voltage  from  each  antenna  pair)  into  a  map  of  the 
scene  (voltage  as  a  function  of  position).  Scaling  is  the 
process  of  assigning  a  brightness  temperature  to  each 
voltage  in  this  image.  Assuming  an  adequate  image 
reconstruction  algorithm,  the  later  can  be  done 
conventionally  (i.e.  by  observing  a  ”hot”  and  a  ”cold”  scene 
and  assuming  linear  receivers).  On  the  other  hand,  the 
image  reconstruction  procedure  is  unique  to  synthetic 
aperture  radiometers.  In  principle,  it  is  a  Fourier 
transform  on  a  discretely  sampled  transform  space  (i.e. 
one  sample  for  each  baseline).  Among  the  issues 
affecting  the  image  is  the  distribution  of  these  samples  in 
the  transform  space;  however,  more  serious  problems 
arise  because  the  basis  vectors  needed  to  execute  this 
transform  (impulse  response  of  the  instrument)  are  not 


ideal  in  real  instruments.  The  antennas  in  the  array  are  a 
major  factor  contributing  to  the  departure  of  the  basis 
functions  from  ideal. 

One  problem  arises  because  the  individual  antennas  in 
the  array  are  not  ideal  (i.e.  not  isotropic).  This  adds  a 
taper  to  what  would  otherwise  be  nearly  sinusoidal  basis 
functions.  In  addition,  coupling  between  antennas  can 
cause  distortions  in  what  otherwise  would  be  a  symmetrical 
pattern.  Because  the  elements  in  the  array  need  not  be 
symmetrically  positioned,  coupling  can  result  in  basis 
vectors  which  are  different  for  each  baseline  (antenna 
pair).  In  fact,  this  is  the  case  with  the  aircraft  instrument, 
ESTAR,  as  illustrated  in  Figures  1  and  2.  Figure  1  shows 
the  pattern  (magnitude)  of  the  antennas  on  the  edges  (left 
and  right)  of  the  array.  The  antenna  on  the  right  has  been 
reversed  to  illustrate  the  symmetry  in  the  fine  structure  of 
the  pattern,  which  we  believe  to  be  due  to  mutual 
coupling.  Figure  2  shows  the  basis  functions  associated 
with  this  pair  of  antennas.  The  solid  line  is  the  output 
from  the  "inphase"  channel  and  the  dashed  line  is  the 
"quadrature"  output.  These  curves  are  the  output  as  a 
point  source  is  moved  across  the  field-of-view  [1].  Ideally, 
these  two  curves  would  be  sinusoidal,  oscillating  at  a 
frequency  determined  by  the  baseline  (1X12), 

The  image  reconstruction  procedure  adopted  with  the 
aircraft  radiometer  ESTAR  to  account  for  the  departure 
of  the  basis  functions  from  ideal,  was  to  implement  a 
numerical  inversion  using  the  measured  basis  functions 
[3,1].  This  works  well  for  ESTAR;  however,  in 
applications  such  as  a  remote  sensing  from  space,  where 
changes  might  occur  in  the  radiometer  antenna  upon 
deployment,  one  would  like  to  have  an  in  situ  check  on 
the  basis  functions.  An  in  situ  measurement  of  mutual 
coupling  might  provide  the  required  check. 

ROLE  OF  MUTUAL  COUPLING 

An  important  question  to  be  resolved  about  antenna 
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patterns  such  as  shown  in  Figure  1  is  the  reason  for  then- 
departure  from  the  patterns  of  the  isolated  antennas.  We 
sought  to  test  the  hypothesis  that  this  was  due  largely  to 
mutual  coupling  by  making  measurements  on  a  version 
(vertically  polarized  copy)  of  the  antenna  employed  by 
ESTAR.  As  a  first  step,  measurements  of  mutual  coupling 
were  made  in  the  laboratoiy  using  a  network  analyzer  and 
then  these  values  were  used  in  a  simple  model  to  calculate 
patterns.  In  this  exercise  it  was  assumed  that  all  antennas 
initially  had  an  identical  isolated  pattern  equal  to  the 
theoretical  pattern  for  a  dipole  over  a  ground  plane. 
Figure  3  shows  the  result  of  this  calculation  for  antenna 
#5  (right  edge  of  the  array)  together  with  the  measured 
pattern  (solid  line). 

As  a  second  step  in  establishing  that  mutual  coupling 
was  a  major  factor  in  determining  the  structure  of  the 
measured  patterns,  established  theory  for  dipoles  above  a 
ground  plane  was  used  to  compute  the  mutual  coupling. 
Given  dimensions  for  the  dipoles  comprising  this  antenna, 
the  elements  of  the  impedance  matrix  (a  five  port  network 
since  there  are  5  antennas)  were  computed  using  formulas 
in  Elliot  [4]  and  the  impedance  matrix  was  transformed  to 
a  scattering  matrix  using  standard  procedures  [5].  Figure 
4  shows  a  comparison  of  the  mutual  coupling  (magnitude 
of  8^2)  computed  in  this  manner  with  the  measured  values. 


CALIBRATION 

If  the  antenna  structure  is  completely  stable,  one  could 
measure  the  antenna  patterns  (or  basis  functions)  in  the 
laboratory  and  then  use  them  in  the  image  reconstruction 
process  as  has  been  done  successfully  with  ESTAR. 
However,  in  a  cases  such  as  an  instrument  in  space,  one 
would  like  some  assurances  that  the  patterns  measured  on 
the  ground  are,  in  fact,  the  ones  after  deployment. 

Assuming  that  the  antennas  themselves  don’t  change, 
the  results  above  and  recent  research  on  antenna  arrays 
suggests  that  the  patterns  can  be  computed  from  the 
mutual  coupling  [6].  Synthesis  radiometers  are  particularly 
suited  for  the  measurement  of  mutual  coupling.  For 
example,  the  aircraft  instrument,  ESTAR,  employs  a 
switch  just  behind  the  antenna  where  an  internal  reference 
source  is  periodically  coupled  into  the  system  to  correct 
for  phase  and  amplitude  drift.  By  modifying  this  switch  so 
that  an  active  element  can  be  coupled  to  the  antenna,  one 
can  obtain  a  measure  of  mutual  coupling.  For  example 
suppose  signal  is  coupled  both  into  the  antenna  and  the 
receiver  normally  connected  to  that  antenna.  Since  the 
radiometer  measures  the  product  from  each  receiver  pair, 
each  baseline  which  normally  would  be  formed  with  this 


(active)  antenna  now  has  an  output  which  is  proportional 
the  mutual  coupling  between  the  two  antennas. 

Work  is  underway  at  GSFC  to  test  this  concept  in  the 
laboratory.  A  circuit  to  test  this  procedure  using  a 
laboratory  research  radiometer  built  at  Goddard  [7]  is 
currently  underway.  As  of  the  writing  of  this  manuscript 
the  circuit  has  been  assembled  and  testing  will  begin  soon. 
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Figure  1:  Measured  antenna  patterns  for  antennas  #1 
(solid  line)  and  #5  (dashed  line).  These  antennas  are  on 
the  left  and  right  edges  of  the  array,  respectively  and  the 
amplitude  is  presented  in  db.  The  pattern  for  antenna  # 
5  has  been  reversed  to  emphasize  the  symmetry. 


Figure  3:  Comparison  of  measured  (solid)  and  computed 
(dashed)  patterns  for  antenna  #5.  The  mutual  coupling 
between  nearest  neighbors  was  -15  and  -22  db. 


Figure  2:  Basis  functions  for  the  antenna  pair  with  7A./2 
spacing.  The  solid  line  is  the  inphase  channel  and  the 
(lashed  line  is  the  quadrature  channel. 


Figure  4:  Comparison  of  measured  (solid)  and  computed 
(dashed)  mutual  coupling.  The  data  were  obtained  from 
measurements  on  the  ESTAR  antennas  and  the 
computations  were  based  on  theory  for  dipoles. 
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ABSTRACT 

Although  radiometry  has  been  used  in  imaging  applications 
for  many  years,  it  is  only  recently  that  radiometric  imaging  at 
millimeter- wave  frequencies  has  become  practical  and  relatively 
common.  Unfortunately  while  millimeter-wave  radiometers 
offer  much  better  cloud,  fog  and  solid  object  penetration  than 
either  visible  or  infrared  systems,  the  obtainable  spatial  resolu¬ 
tion  is  often  too  poor  to  produce  a  useful  imagery.  In  this  paper 
we  present  an  array-based  concept  that  has  already  demon¬ 
strated  good  image  performance  and  is  scalable  to  very  large 
sparse  apertures  (for  high  spatial  resolution)  while  still  preserv¬ 
ing  a  high  frame  rate.  Approaches  and  techniques  to  help 
mitigate  the  effects  of  array  sparseness  are  discussed  in  some 
detail. 

INTRODUCTION 

Radiometers  operating  at  millimeter  wavelengths  are  afforded 
much  better  penetration  through  atmospheric  obscurants  such  as 
clouds  and  fog  than  their  infrared  (IR)  counterparts,  due  to  their 
longer  operational  wavelength.  This  long  wavelength  also  re¬ 
duces  the  directionality  of  millimeter- wave  (MMW)  radiometers 
relative  to  IR  radiometers,  a  drawback  in  applications  such  as 
thermal  imaging,  for  which  typically-useful  spatial  resolution 
(<0.1  mrad)  is  achievable  only  through  diffraction-limited  per¬ 
formance  from  detector  apertures  of  the  order  of  thousands  of 
wavelengths  across.  At  MMW  frequencies,  filled  apertures  of 
this  size,  such  as  focal  plane  detectors  and  arrays  using  reflective 
dish  collectors  or  refractive  lenses,  are  unwieldy  and  difficult  to 
fabricate  at  such  extreme  sizes.  Phased  array  radiometers  can  be 
built  in  flat  pupil-plane  architectures  for  real-time  imaging  appli¬ 
cations  [1],  but  at  this  size,  filled  arrays  are  impractical,  and  even 
extremely  sparse  arrays  require  several  tens  to  hundreds  of  de¬ 
tector  elements,  along  with  hundreds  or  thousands  of  electronic 
correlators  and  associated  computational  electronics . 

A  new  approach  which  makes  increasingly  populated  phased 
arrays  feasible  involves  the  use  of  optical  array  processing. 
Phased  array  direction  finders  conceived  in  the  late  70s  [2]  used 
the  optical  interference  pattern  from  the  multiple- slit  aperture 
of  a  multi-channel  Bragg  cell  to  locate  the  azimuthal  direction 


of  an  active  signal  incident  on  a  linear  array  of  omnidirectional 
spiral  antennas.  Extension  to  two-dimensional  passive  imag¬ 
ing  arrays  has  been  recently  accomplished  [3],  using  frequency- 
scanned  antennas  in  place  of  spirals  to  distinguish  elevation 
through  spectral  analysis.  These  passive  imaging  arrays,  and 
their  application  to  wide-instantaneous-field  radiometric  imag¬ 
ing,  are  the  subject  of  this  paper. 

TECHNICAL  APPROACH 

A  frequency-scanned  antenna  is  typically  constructed  of  an 
extended  feedline  with  an  array  of  periodically-spaced  radia¬ 
tion  elements  along  its  length.  The  antenna  beam  direction  0 
relative  to  antenna  broadside  is  given  by: 


A.g  s 

where  X  is  the  free-space  wavelength  of  the  detected  radiation, 
X^  is  its  wavelength  in  the  feedline,  s  is  the  distance  between 
radiation  elements  along  the  feedline,  and  n  is  the  mode  number 
for  which  the  antenna  is  made  operational.  A  broadband,  low- 
noise  receiver  connected  to  the  antenna  receives  thermal  noise 
from  blackbody  radiation  incident  on  the  antenna,  but  in  any  scan 
direction  the  antenna  is  capable  of  detecting  only  that  wavelength 
for  which  eq.  1  is  satisfied.  Spectral  decomposition  of  the  broad¬ 
band  receiver  signal  thus  provides  a  one-dimensional  spatial  in¬ 
tensity  map  for  MMW  thermal  emissions  from  a  scene  within 
the  antenna  field  of  view.  A  phased  array  of  such  antennas  can 
be  configured,  such  that  by  monitoring  the  relative  phase  of  inci¬ 
dent  wavefronts  in  each  spectral  bin,  a  two-dimensional  inten¬ 
sity  map  can  be  obtained  for  real-time  imaging. 

The  use  of  an  optical  processor  to  perform  the  required  spec¬ 
tral  analysis  is  straightforward.  An  acoustic  transducer  on  an 
acousto-optic  modulator  (Bragg  cell)  is  fed  with  the  heterodyne- 
downconverted  and  amplified  signal  from  the  radiometer  receiver. 
Acoustic  waves  propagating  in  the  Bragg  cell  crystal  form  a  dif¬ 
fraction  grating,  whereupon  a  laser  shone  onto  the  crystal  is  dif¬ 
fracted  in  real  time  into  the  same  one-dimensional  angular  inten¬ 
sity  distribution  as  the  MMW  distribution  incident  on  the  fre- 
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quency-scanned  antenna.  The  diffracted  laser  light  is  then  Fou¬ 
rier  transformed  by  a  lens  to  produce  a  1 -dimensional  image  of 
the  MMW  scene.  A  phased  array  of  such  modulators  is  com¬ 
prised  simply  of  a  multiplicity  of  acoustic  transducers  arrayed  on 
a  single  Bragg  cell  crystal.  For  any  arbitrarily  populated  and 
spaced  array  of  antennas  in  the  radiometer  receiver,  a  Bragg  cell 
with  a  self-similar  array  of  acoustic  transducers  will  act  as  a  multi¬ 
slit  phased  diffraction  grating  to  cohere  light  wavefronts  with  the 
same  (now  two-dimensional)  directionality  as  that  received  in 
MMW  by  the  antenna  array.  After  the  MMW  radiation  pattern 
has  been  converted  to  a  laser  light  pattern,  a  low-cost  m- 
onochromatic  CCD  camera  can  function  as  the  focal-plane  power 
detector  for  tens  of  thousands  of  MMW  image  pixels. 

This  real-time  staring  imager  is  characterized  by  a  wide  in¬ 
stantaneous  field  of  view,  spatial  resolution  which  can  (by  us¬ 
ing  large  highly  sparse  arrays)  be  made  to  approach  that  of  typi¬ 
cal  wide-field,  pixel-limited  IR  cameras,  and  operation  in  ad¬ 
verse  weather  well  beyond  where  IR  imagers  are  blinded.  For 
military  applications  there  are  further  significant  advantages  to 
MMW  radiometric  imagers.  Chief  among  these  is  the  fact 
that  they  are  totally  passive,  and  as  such  do  not  violate  radio 
silence  for  covert  mission  applications.  Countermeasures  for 
sparse  array  radiometers  comprise  a  new  and  different  class 
from  IR  and  active  radar  countermeasures;  in  fact,  many  coun¬ 
termeasures  for  IR  and  radar  actually  enhance  passive  MMW 
signatures  and  vice-versa. 

EXPERIMENTAL  RESULTS 

Since  1992,  the  Army  Research  Laboratory  has  funded  re¬ 
search  with  MMW  sparse  phased  array  radiometers  of  the  type 
described  here.  During  that  time,  the  technology  has  progressed 
from  proof-of-concept  through  laboratory  breadboard  to  dem¬ 
onstration  of  a  32-channel,  94  GHz  phased-array  imager  which 
has  been  tested  in  the  field.  Figure  1  shows  the  imager  in  its 
most  recent  configuration,  with  a  3-foot  square  aperture  and  a 


SLOTTED  METAL  WAVEGUIDE  ARRAY  ANTENNA 

Fig  1:  Passive  Millimeter-wave  Camera  (PMC)  at  94  GHz  has 
a  3-foot  square  by  2  inch  deep  antenna  and  generates  over  1000 
pixels  instantaneously  from  only  32  antenna/receiver  channels. 


depth  (including  discrete  MMW  receiver  behind  the  antenna) 
of  only  10  inches.  The  optical  processor  is  located  remotely  in 
a  19-inch  rack  with  power  supplies  and  a  computer  for  image 
processing.  The  demonstration  imager  currently  generates  40- 
horizontal  by  30-vertical-beamwidth  images  at  a  rate  of  about 
1  per  second.  The  MMW  beamwidths  are  4-times  oversampled 
to  produce  images  of  160  by  120  pixels.  The  imager's  spatial 
resolution  is  0.2  degrees,  over  a  6°  V  x  8°  H  instantaneous  FOV; 
a  wider  field  is  obtainable  by  stitching  instantaneous  frames,  as 
demonstrated  in  figure  2.  At  the  1/30  second  integration  time 
of  the  CCD  camera  in  the  optical  processor,  the  system  thermal 
sensitivity  is  approximately  15  Kelvins,  but  near-term  retrofit 
with  MMW  low-noise  amplifiers  and  a  higher  performance 
video  camera  should  improve  this  by  at  least  a  factor  of  three. 
Further  improvement  in  effective  thermal  resolution  is  possible 
through  the  application  of  image  post-processing  to  mitigate 
losses  resulting  from  array  sparseness  (up  to  about  a  factor  of  3 
in  the  current  imager). 

SPARSE  ARRAY  LOSS  COMPENSATION 

The  application  of  sparse  arrays  allows  for  high  spatial  reso¬ 
lution  without  the  complication  and  expense  of  thousands  of 
individual  MMW  correlators.  The  price  paid  for  this  advan¬ 
tage  is  a  loss  in  antenna  array  performance  relative  to  filled 
arrays,  in  the  form  of  higher  sidelobes  and  in  the  introduction 
of  grating  lobes  into  the  antenna  pattern.  In  addition  phase  ab¬ 
errations  a  can  arise  from  incorrectly  positioned  antennas  and/ 
or  path-length  variations  in  the  individual  signal  or  reference 
oscillator  channels.  These  features  lead  to  an  overall  reduction 
in  signal-to-noise  ratio  (image  contrast)  and  to  the  introduction 
of  image  artifacts  (ghosts)  into  image  data.  In  theory,  such  im¬ 
age  degradations  can  be  undone  through  post-processing  either 
in  the  image  plane  (using  for  example  CLEAN  [4],  or  other 
numerical  deconvolution)  or  in  the  pupil  plane  [5],  using  adap¬ 
tive  signal  processing  techniques  to  remove  phase  errors  or  null 


Fig  2.  Sparse-array  MMW  imaging  data,  (a)  Visible  light  scene, 
(b)  MMW  data  with  0.7-second  integration  time,  stitching  4 
overlapped  scenes  to  create  a  564  x  120  pixel  image,  (c)  MMW 
data  with  sparse  array  loss  compensation. 


882 


sidelobes.  Since  pupil  plane  techniques  typically  require  access 
to  the  phase  of  the  object’s  correlation  function,  the  image  plane 
must  be  adequately  sampled  so  that  the  Van-Cittert-Zernike  theo¬ 
rem  (VCZT)  can  be  invoked  to  determine  an  object’s  correla¬ 
tion  function  from  its  image  plane  intensity. 

Outside  of  the  presence  of  noise  and  ignoring  the  finite  size 
of  the  individual  antennas,  the  spatial  Fourier  transform  of  an 
image  collected  by  a  sparse  array  must  yield  a  series  of  delta 
functions  at  spatial  frequencies  corresponding  to  all  individual 
antenna  pairs  (for  N  antennas,  this  amounts  to  N(N-l)/2  corre¬ 
lations  minus  any  repeated  correlations  arising  from  redundant 
antenna  spacings),  assuming  that  the  Nyquist  sampling  crite¬ 
rion  is  met.  The  Nyquist  criterion,  in  this  case,  requires  that  the 
CCD  array  be  capable  of  at  least  twice  oversampling  the  differ¬ 
ence  between  successive  spatial  frequencies.  An  estimate  of 
the  required  number  of  CCD  pixels  can  be  obtained  by  divid¬ 
ing  the  array  size  by  the  difference  between  the  2  closest  pairs 
of  antennas  and  multiplying  by  2  to  satisfy  Nyquist.  For  the 
imager  shown  in  figure  1,  the  array  is  80  cm  wide  with  a  0.4 
mm  difference  between  the  2  closest  pairs  of  antennas,  result¬ 
ing  in  about  4000  CCD  pixels  being  required  per  line.  With  the 
correlation  amplitudes  and  phases  recovered  from  the  CCD  data, 
one  can  null  sidelobes  (up  to  N  of  them  with  an  N  element 
array),  [by  inverse  tapering  the  correlation  function]  sharpen 
the  imager’s  modulation  transfer  function  for  “improved  spa¬ 
tial  resolution”  and  use  advanced  techniques  such  as  Redun¬ 
dant  Spacings  Calibration  (RSC)  [6]  to  adaptively  remove  phase 
aberrations  in  the  array.  In  its  simplest  form,  RSC  works  by 
forcing  pairs  of  antennas  with  the  same  spacing  (i.e.  baseline) 
between  them  to  produce  the  same  value  for  their  correlation 
using  the  fact  that  in  the  far  field,  the  correlation  function  de¬ 
pends  only  upon  relative  and  not  absolute  position  of  the  an¬ 
tennas.  In  the  extreme,  this  technique  can  make  actual  phase¬ 
matching  of  the  receiver  channels  unnecessary.  To  first  order, 
the  addition  of  noise  in  the  signal  data  simply  propagates  noise 
to  the  Fourier-reconstructed  image. 

Some  more  simple  techniques  for  sparse-array  loss  com¬ 
pensation  are  somewhat  effective  even  when  the  Nyquist  cri¬ 
terion  is  not  met  by  the  CCD  camera.  One  example  is  shown 
in  figure  3.  Here  the  CCD  array  does  not  sufficiently  sample 
Fourier  space  to  allow  preservation  of  individual  correlation 
functions.  However,  it  is  easily  shown  that  the  “DC”  or  zero 
spatial  frequency  (i.e.  the  correlation  of  an  antenna  with  itself) 
is  strongly  overweighted  in  a  very  sparse  array,  since  the  “zero 
spacing”  of  each  antenna  with  itself  occurs  N  times  for  an  N 
element  array,  while  in  an  optimum  sparse  array  design,  all  other 
spacings  are  forced  to  occur  only  a  few  times  at  most. 
Reweighting  the  corresponding  DC  term  in  the  Fourier  plane 
appropriately  and  then  transforming  back  to  the  image  plane, 
produces  an  image  with  significantly  less  smearing  and  con¬ 
trast  degradation.  Since  only  the  DC  tenn  has  to  be  changed, 
this  can  actually  be  done  very  quickly  in  the  image  plane  with¬ 


out  having  to  perform  any  Fourier  transforms  by  determining 
the  average  intensity  on  each  line  in  the  image  and  subtracting 
an  appropriate  fraction  of  this  value  from  each  and  every  point 
in  the  line  in  question.  That  this  simple  approach  produces 
such  a  dramatic  improvement  is  not  surprising  since  it  is  the 
absence  of  baselines  near  the  zero  frequency  that  causes  the 
smearing,  and  it  is  precisely  these  baselines  that  we  have  opted 
to  replace  with  longer  ones  in  order  to  obtain  higher  resolution 
with  a  fixed  number  of  array  elements.  Note  the  power  line 
extending  across  the  field  of  view  in  figure  3(a).  It  is  barely,  if 
at  all,  evident  in  the  raw  image  data  (Fig  3(b)).  With  DC  cor¬ 
rection,  it  stands  out  sharply,  despite  being  physically  far  smaller 
(<  0.1  times)  than  one  diffraction-limited  beamwidth  wide 

OTHER  PROCESSING  TECHNIQUES 

To  overcome  the  limited  bandwidth  capability  of  an  acousto¬ 
optic  cell  and  thereby  substantially  improve  imager  frame  rate, 
we  are  currently  developing  a  new  optical  processor  that  uses 
modulated  light  in  fibers  coupled  to  a  high  finesse  Fabry-Perot 
interferometer  to  perform  the  frequency  processing  and  pro¬ 
vide  12  GHz  of  instantaneous  bandwidth  for  a  30  Hz  frame 
rate.  In  the  future  reweighting  of  spatial  frequencies  to  com¬ 
pensate  sparse  array  losses  can  in  principle  be  accomplished 
in  real  time  using  filter  masks  in  the  Fourier  plane  of  the  opti¬ 
cal  processor.  Improvements  in  the  speed  and  size  of  digital 
electronics  will  likely  make  frequency  multiplexers  and  large 


Fig  3:  DC  attenuation  of  MMW  images,  (a)  Visible  light 
scene,  (b)  MMW  raw  data,  (c)  DC  component  of  each  hori¬ 
zontal-line  reduced  by  97%.  Note  the  power  line,  not  evident 
in  the  raw  data  above. 
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banks  of  two-bit  correlators  feasible  for  microwave  and  per¬ 
haps  someday  even  millimeter-wave,  direct  digital  process¬ 
ing.  Phase  and  frequency  multiplexing  might  also  be  ac¬ 
complished  through  various  implementations  of  MMW  con- 
stant-k,  Rotman,  and  Archer  lenses  in  conjunction  with  MMW 
low-noise  amplifiers. 


CONCLUSIONS 

The  high  speed  attainable  with  optical  processors  has  made 
sparse  array  pupil-plane  imaging  radiometers  practical  at  MMW. 
Advances  in  sparse  array  loss  compensation  have  the  potential 
to  substantially  reduce  the  losses  associated  with  sparse  arrays 
and  provide  high-contrast,  high-resolution  imagery  with  unique 
long-wavelength  atmospheric  penetration  capability. 
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ABSTRACT 

Microwave,  bi  -  polarisation  ra¬ 
diometer  method  of  detection  and 
ic'entif ication  of  observed  surfa¬ 
ces  anomalous  formations  and  esti¬ 
mation  of  principal  characteris¬ 
tics  some  of  them  are  developed. 
Detection  and  classification  are 
carried  out  by  taking  into  account 
correlative  features  of  vertically 
and  horizontally  polarized  compo¬ 
nents  of  observed  surfaces  proper 
radiothermal  radiation  signals. 

Microwave,  bi-polar  i.zation  ra¬ 
diometer  detector-identifier,  as 
well  as  radiometer  system  for  wind 
and  temperature  fields  characteri¬ 
stics  determination  are  suggested. 

INTRODUCTION 

One  of  the  main  methods  of  re¬ 
mote  sensing  in  radio  frequency 
range  is  microwave  radiometer  me¬ 
thod,  based  on  measurement  of  pro¬ 
per  radiothermal  radiation  of  env¬ 
ironment  ob.jects.  Space  microwave 
radiometry  is  successfully  used, 
for  instance,  to  identify  the 
parts  of  the  Earth  surface,  to  de¬ 
termine  parameters  of  snow  fields, 
such  as:  boundaries,  thickness  and 
melting  time.  These  methods  are 
particularly  useful  to  carry  out 
the  global  oceanographic  resear¬ 
ches  since  they  deal  with  relati¬ 
vely  homogeneous  objects,  whose 
topography  and  chemical  compositi¬ 
on  are  relatively  constant  on  lar¬ 
ge  areas.  The  main  parameters  de¬ 
termined  by  microwave  radiometry 
are  sea  water  temperature  and  sa¬ 
linity,  near  sea  surface  wind 


speed  and  direction,  degree  of  sea 
surface  roughness,  etc.  Microwave 
radiometry  is  successfuiiy  used  to 
'"■ontroi  the  ecological  state  of 
environment,  to  detect,  classify 
and  estimate  the  main  parameters 
of  various  surface  pollutions. 
Usually,  these  problems  are  solved 
by  registration  of  proper  radio- 
thermal  radiation  vertically  and 
horizontally  polarized  components. 
But  the.se  components  may  be  corre¬ 
lated  in  time  and  in  space.  There¬ 
fore,  for  effective  detection  and 
classification  it  is  necessary  to 
take  into  account  correlative  rel¬ 
ationships  between  cross  polarized 
components  of  environment  objects 
proper  radiothermal  radiation. 

In  this  paper  cross  polarized, 
microwave  pasive  method  for  under 
spread  surfaces  anomalous  forma¬ 
tions  detection  and  identifica¬ 
tion,  as  well  as  cross  polariza¬ 
tion  and  correlative  radiometer 
detector-identifier  and  system  for 
near  sea  surface  wind  speed  and 
water  temperature  determination 
are  described. 

RADIOMETER  DETECTION  METHOD 

Microwave  radiometry  is  success¬ 
fully  used  to  detect  environmental 
anomalies  such  as  cloudiness,  ice 
and  snow  covers,  plants,  spills  of 
oil  or  other  surface  active  subs¬ 
tances,  internal  waves,  streams, 
temperature  distributions,  foam 
formations  and  other  phenomena  of 
artificial  and  natural  origin.  At 
the  incidence  angle  ^>0''  the  cha¬ 
racteristic  features  of  some  form¬ 
ations  is  not  only  the  changes  of 
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proper  radiothermal  radiation 
cross  polarised  components  varian¬ 
ces  [1],  but  also  a  cross-correla¬ 
tion  of  these  components  and  its 
fluctuations.  The  value  and  the 
change  of  this  correlation  exist¬ 
ing'  for  various  inhomogeneities, 
enable  us  to  improve  the  characte¬ 
ristics  of  detection  and  identifi¬ 
cation  by  simultaneous  use  of  the 
results  of  bi  -polarisation  and 
cross-correlation  observations . 

Assuming,  that  vertically  ?  and 
horizontally  polarized  radiome¬ 
ter  receivers  input  signals  crossj^ 
correlation  coefficient  is  p 
(k=0  corresponds  to  the  background 
and  k  =  1  -  to  anomalous  formation 
situation),  and  using  the  optimal¬ 
ly  criterion  of  Neyman-Pearson ,  we 
will  obtain  following  equation  for 
decision  rule  of  detection: 

s  -  ^  ^  t  >  S„  (1) 


<yf».and  are  the  variances  of 

k?  kri 

vertical  and  horizontal  polariza¬ 
tion  channels  input  signals,  - 

threshold,  providing  the  necessary 
false  alarm  level. 

Detection  characteristics  of 
above  mentioned  method  are  consi¬ 
derably  higher  than  of  the  method 
described  in  [1], However,  in  spite 
of  the  advantages  of  this  detect¬ 
ion  method  it  has  such  a  drawback 
as  a  low  classification  probabili¬ 
ty.  This  drawback  can  be  elininat- 
ed  by  simultaneous  consideration 
of  output  signals  of  separate  cha¬ 
nnels,  formed  as  a  result  of  pre¬ 
liminary  filtration  of  anomalies 
in  each  channel.  Indeed,  according 
to  the  Neyman-Pearson  criterion, 
and  using  the  independence  of  com¬ 
ponents  ?and  Q  the  decision  rule 
(1)  can  be  represented  as  three 
independent  decision  rules: 
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Fig.l  shows  a  block-diagram  of 
detector- ident if ier ,  based  on  de¬ 
cision  rules  (2).  For  this  system 
the  false  alarm  probability  is 
defined  by  expression: 

P„5f,S,)  <3> 


For  detection  probability  the 
following  estimation  is  true: 


P.  (S.  ,)  > 


MAXfP^ 


(S 


.)  >  <^4) 


Taking  into  account,  that  only  a 
correlation  of  anomalous  formati¬ 
ons  radiothermal  images  internal 


1 


Fig.  1  A  Block  Diagram  of  Detector-Identifier 
-  Antenna,  2.-  Polarizer,  3.-  Microwave  Module,  4.-  Low  Frequency 
Module.  5.-  Radiometer  Receiver,  6.-  Multiplier,  7.-  Integrator, 
8.-  Module  of  Normalization,  9.  Thresholder,  10.-  Identifier, 

11.-  Register 
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structures  represents  principal 
interest  in  practice,  we  can  chan¬ 
ge  decision  rules  (2)  by  detection 
to : 

Sf  >  s.  ;  S,>  S,.  S,  (S, 

where 

Tfr.  S|=  Dl" 

1  1 

^  In  a  time  scale  0.  <M<<N, 
y  and  may  have  both  positive  and 
negative  values. 

In  Fig. 2  a  block-diagram  of  de¬ 
tector-identifier,  based  on  deci¬ 
sion  rules  (5)  are  presented.  For 
false  alarm  and  detection  probabi¬ 
lities  may  be  used  expressions  (4) 
and  C5)  by  replacement  of  ) 

instead  of 

WIND  SPEED  DETERMINATION 

As  shown  in  [1],  bi-polarizing 
radiometer  system  may  be  used  for 
sea  surface  wind  speed  and  water 
temperature  determination.  But. 
since,  in  practice,  by  radiometers 
we  can  measure  the  antenna  noise 
temperature  only,  then  for  unambi- 


temperature  only,  then  for  unambi¬ 
guous  determination  of  water  tem¬ 
perature  t  wand  wind  speed  v  it  is 
necessary  to  have  a  priori  infor¬ 
mation  on  a  brightness  temperatu¬ 
re  of  Atmosphere  on  the  antenna 
level  T  aao  and  the  Atmosphere 
optical  width  tap  This  informati¬ 
on  must  complete  the  others  descr¬ 
ibed.  in  [1].  In  Fig. 3  a  block  dia¬ 
gram  of  bi-polarization  radiometer 
system  for  near  sea  surface  wind 
.speed  and  water  temperature  de¬ 
termination  are  represented. 

CONCLUSION 

Thus,  we  have  developed  bi-pola¬ 
rization  microwave  radiometer  met¬ 
hods  and  systems  of  environment 
anomalous  formations  remote  detec¬ 
tion  and  identification,  as  well 
as  near  sea  surface  wind  speed  and 
water  temperature  determination. 
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Fig. 3 

12.-  Polarization  Splitter,  13.-  Delay  Module  .  14.-  Subtracter. 
15.-  Solver,  (for  all  oters  see  Fig.l) 
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Abstract:  Comparisons  among  submesoscale  sea 
surface  Ku-band  backscatter,  wind  speed,  air  and  sea 
temperatures,  friction  velocity  and  laser  altimeter 
wave  height  spectra  were  made  to  observe  the 
dynamic  responses  in  time  and  space  of  the 
centimeter  waves  within  kilometer  sized  areas. 
Measurements  were  made  in  October  1993  off  the 
Oregon  coast  from  an  airship  carrying  a  dual  polarized 
Ku-band  radar  with  a  suspended  package  of 
meteorological  and  physical  instruments,  and  a  laser 
altimeter. 

INTRODUCTION 

The  present  effort  focusses  on  measurements  made 
off  of  the  Oregon  coast  in  October  1 993.  The  airship 
provided  a  unique  platform  because  of  its  slow 
velocity  and  low  altitude.  Its  instrument  complement 
consisted  of  a  dual  polarized  14  GHz  CW  radar,  with 
video  and  infrared  imagers  attached  to  the  gondola 
plus  an  airborne  suspended  package  (ASP)  tethered  to 
the  gondola  to  lie  about  10  meters  off  the  sea  surface. 
This  ASP  contained  the  meteorological  and 
oceanographic  instrumentation. 

One  mode  of  the  1 4  GHz  CW  radar  provides  a  full 
360°  azimuthal  scan  every  60  seconds  (simultaneous 
H  &  V-pol)  at  incidence  angles  of  20°,30°  and  40° 
degrees.  This  omnidirectional  data  record  senses  the 
angular  variation  of  the  1  to  3  cm  capillary  wave 
spectrum  for  each  sweep.  The  measurements  provided 
by  the  airborne  suspended  platform  that  are  of  interest 
here  are:  coincident  wind  (3  components)  and  wave 
height,  air  and  sea  temperature  and  heat  fluxes.  A 
laser  altimeter  measures  altitude  and  wave  height 
spectra.  A  separate  mode  of  the  radar,  which  operates 
with  coherent  detection  and  Doppler  measurements, 
will  be  used  to  measure  the  surface  currents  to  see  if 
current  gradients  exist  and  to  assess  their  possible 
effects  on  the  azimuthal  radar  response. 


DATA  ACQUISITION 

All  the  radar  data  were  acquired  by  instruments 
located  on  the  gondola  of  the  airship,  whose  normal 
operating  altitude  was  in  the  range  of  70  to  85  meters 
above  the  surface.  The  meteorological  and  sea  surface 
measurements  were  performed  by  instruments 
mounted  on  a  sled  suspended  from  the  blimp  gondola 
with  a  tether.  This  sled  was  typically  positioned  about 
10  meters  above  the  surface.  The  net  ground  speed  of 
this  entire  blimp  system  is  in  the  range  from  5  to  1 5 
m/s. 

The  rotating  K^-band  antenna  is  held  at  a  fixed 
incidence  angle  and  scanned  azimuthally  to  span  a  full 
circle  in  30  seconds.  Subsequent  data  analysis  groups 
the  data  into  36  bins  of  10  degrees  each.  Two  of 
these  scans  are  averaged  to  form  one  minute  data 
points.  In  most  cases,  this  means  that  the  distance 
covered  by  the  blimp  during  this  interval  is  less  than  1 
km.  Linear  regression  analysis  is  used  to  compute  the 
3  Fourier  series  coefficients;  AO,  A1  and  A2  for  each 
one-minute  data  set.  These  are  usually  part  of  the 
scatterometer  model  function.  The  results  presented 
here  focus  attention  on  how  the  AO  term  responds  to 
changes  in  incidence  angle,  temporal  fluctuations  of 
horizontal  wind  speed,  friction  velocity  and  the  air  & 
sea  temperatures  under  the  blimp.  Surface  stress  is 
measured  with  the  dissipation  technique. 

MEASURED  RESULTS 

The  data  collection  runs  on  October  25  spanned  5 
hours.  Throughout  this  period  the  wind  speed  stayed 
mostly  within  the  7  to  10  m/s  range,  (see  Fig.  1(a)). 
The  sea  temperarure  encountered  within  a  rectangular 
region  of  12  Km  (E-W)  by  20  Km  (N-S)  was  fairly 
constant  at  12°  C  (within  +/-  0.3°).  The  air 
temperature  encountered  at  13:00  (PDT)  was  13.7°, 
then  it  monotonically  increased  along  the  flight  path 
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Temperature,  deg  Measured  Wind  Spd  -  m/s 


Measured  Wind  Speed  -  Oct.  25 


over  a  5  hour  duration  to  1 7.5°  C  (see  Fig.  1  (b)).  This 
resulted  in  a  strongly  stable  air-sea  statification  of  5.5° 
C.  This  change  in  stratification  is  known  to  affect  the 
drag  coefficient  and  friction  velocity.  R.A.  Brown's 
analysis  of  stratification  effects  [1]  indicate  that  a 
change  of  air-sea  temperature  difference  from  + 1 .7* 
to  -h5.5°  can  reduce  the  drag  coefficient  by  a  factor 
of  2,  thereby  reducing  the  friction  velocity  with  a 
multiplying  factor  0.7,  at  a  constant  wind  speed  of  8 
m/s.  This  expectation  is  realized  in  the  u. 
measurement  (Fig.  1  |c)).  At  the  time  of  1 8:00,  we  see 
that  while  the  wind  has  stayed  close  to  1 0  m/s,  the 
measured  u*  value  is  reduced  appreciably  from  its 
earlier  value,  by  about  a  factor  2  from  its  initial  value. 


Measured  Air  and  Sea  Temperatures 
18 
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Figure  1:  (a)  Wind  speed,  (b)  Air  and  sea  Temperature, 
(c)  Friction  velocities 


This  effect  is  also  seen  in  the  average  radar  cross 
section  measurements.  While  the  incidence  angle  of 
both  V-pol  and  H-pol  were  varied  from  20°  to  50° 
during  this  time,  each  AO  can  be  related  to  the  friction 
velocity  using  the  FASINEX  model  function  for  u.  [2]. 
These  model  results  agree  fairly  well  with  the 
measured  u.  (Fig.  1  (c)). 

On  October  29,  a  30  minute  run  at  a  constant 
incidence  angle  of  40°  is  shown  in  Figure  2(a)  amd  (b). 
A  steady  wind  of  approximately  5.5  m/s  during  the 
first  22  minutes  was  followed  by  a  sharp  drop  in 
speed  to  2  m/s.  The  average  RCS  in  Fig.  2(b)  shows 
a  corresponding  large  drop  in  both  the  V-pol  and  H-pol 
by  about  1 5  dB.  However  the  laser  spectra  (each  data 
run  is  10  minutes  long)  are  plotted  in  Figure  3,  and 
they  do  not  display  any  appreciable  change  in 
spectrum  shape  or  level.  Of  the  4  runs  shown  in  Fig. 
3,  the  first  2  cover  the  time  before  the  wind  change, 
and  the  latter  2  cover  the  20  minutes  after  the 
change.  Because  the  blimp  and  laser  are  moving  at  a 
speed  of  1 0  m/s,  the  encounter  spectrum  (with  8  Hz 
sampling  limited  to  a  4  Hz  maximum)  only  responds  to 
wavelengths  of  about  2  meters  and  longer.  The 
conclusion  here  is  that  smaller  scale  centimeter  wave 
roughness  responds  rapidly  to  the  wind  variations,  but 
longer  gravity  waves  do  not. 
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Oct  29  -  Meas.  Winds.  9:00-9:30  V-pol  &  H-pol,  40  deg,  Avg.  RCS-dB 


Figure  (2)  -  Simultaneous  monitoring  of  wind  speed  and  40®  incidence  average  RCS  {V-pol:  solid  curve, 
H-pol:  dashed  curve)  across  rapid  wind  change  on  October  29 

consecutive  10  minute  runs,  coincident  with 
observations  in  Figure  2. 
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Figure  3:  Laser  altimeter  wave  height  spectra  for  4 
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Interpretation  of  features  in  synthetic  aperture  radar 
(SAR)  ocean  images  has  most  often  dealt  with  oceanic 
phenomena.  Here  we  focus  on  atmospheric  boundary  layer 
processes  that  express  themselves  in  SAR  images  via  spa¬ 
tial  variations  in  the  surface  wind  field  that  drives  small 
scale  ocean  ripple  waves  (<  1  m  wavelength)  and  hence 
SAR  image  intensity.  Since  the  1930's,  observations 
(from  seagull  soaring  to  satellite  images)  have  revealed  ge¬ 
ometric  patterns  in  the  air  flow  related  to  convection  in  an 
unstable  atmospheric  boundary  layer.  Woodcock  (1948) 
noted  that  patterned  sea  gull  soaring  and  cloud  layers  oc¬ 
curred  where  the  boundary  layer  was  thermally  unstable, 
whereas  uniform  cloud  layers  corresponded  to  a  stable 
boundary  layer.  When  wind  shear  was  low,  polygonal 
cloud  patterns  prevailed;  but  when  wind  shear  was  high, 
the  clouds  were  formed  into  horizontal  columns,  referred  to 
as  cloud  streets.  We  along  with  others  (Alpers  & 
Brummer,  1994;  Sikora,  et  al.,  1995  and  P.  Moreau,  1995) 
argue  that  the  geometrical  ’puff  patterns  in  SAR  images 
are  the  surface  counterpart  to  the  cloud  patterns  and  result 
from  convective  air  flows  in  an  unstable  marine  atmo¬ 
spheric  boundary  layer.  Further,  it  is  thought  that  these 
patterns  contain  information  on  the  convective  processes 
and  bulk  wind  flow  going  on  and  that  this  information  can 
be  extracted  by  pattern  analysis  on  the  SAR  images. 

ANALYSIS 

We  have  searched  the  Space  Radar  Laboratory  CD  Rom 
data  base  from  the  flights  in  April  and  October,  1994.  A 
number  of  cases  were  found  and  are  under  investigation.  In 
this  paper  we  analyze  SAR  observations  of  atmospheric 
convection  over  the  Gulf  of  Mexico  in  the  Yucatan  Strait 
between  Cuba  and  Mexico,  L-band  VV  SAR  images  from 
the  October,  1994  flight  of  the  Space  Radar  Laboratory 
show  a  50  km  by  500  km  region  containing  tropical  rain 
cell  features  as  well  as  regions  of  varied  cellular  patterns. 
Fig.  1  shows  a  portion  of  this  image  swath.  The  vertical 
dimension  of  the  image  is  53.2  km  and  the  tick  marks 
along  the  bottom  are  at  1  second  intervals  of  flight  time. 
We  analyze  these  cellular  patterns  using  2-D  Fourier  analy¬ 
sis  with  the  results  shown  as  contour  plots  displaced  to  the 
right  from  the  region  under  investigation.  Note  the  white 
outlined  squares  at  left  indicating  the  region  analyzed  by 
the  Fourier  power  spectrum  contour  plots. 


RESULTS 

The  array  of  power  spectrum  contours  shows  the  spatial 
variation  of  the  cellular  patterns.  We  note  typical  cell 
sizes  of  1-3  km.  The  cell  shapes  are  approximately  circu¬ 
lar  and  are  organized  of  into  larger  scale  patterns  (horizontal 
columns  or  streets).  The  cellular  patterns  vary  from  dense, 
overlapping-cell  structures  at  upper,  left  to  less  dense  struc¬ 
tures  with  separated  cells  at  center  left  and  below.  As  one 
moves  lower  in  the  figure,  it  is  clear  that  cells  become 
aligned  in  rows  tens  of  km  long,  separated  by  about  3  km. 

The  2-D  power  spectra  show  the  anisotropic  nature  of 
the  cells  as  they  are  organized  into  rows.  The  lowest  con¬ 
tour  plot  shows  a  good  example  of  the  spatial  nature  of  the 
cells  and  their  larger  organizational  structure.  Note  the 
longer  spatial  wavelength  variation  along  the  direction  of 
the  rows  and  the  shorter  spatial  wavelength  across  the 
rows.  We  suspect  that  the  longer  wavelength  along  the 
rows  is  due  to  wind  shear  above  about  10  to  15  kts. 

CONCLUSIONS 

We  conclude  that  spatial  analysis  of  SAR  images  can 
reveal  useful  information  regarding  convective  processes  in 
the  marine  boundary  layer.  What  is  probably  most  useful 
aside  from  the  wind  direction  is  the  large  scale  view  of 
convective  processes  given  by  the  large  area  observed  in 
SAR  images.  Thus,  one  may  be  able  to  map  the  spatial 
evolution  of  convective  processes  in  the  marine  boundary 
layer  and  with  multiple  SAR  images  the  temporal  evolu¬ 
tion  as  well. 
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CENTER  LAT:  22  deg  25.7’  N 
CENTER  LONG:  86  deg  12.3’  W 


ILLUM 


Fig.  1.  L-band  SAR  image  collected  by  the  Space  Radar  Laboratory,  October  4,  1994  at «  1330  local  time  in  the  Yucatan 
Strait.  Two-dimensional  Fourier  power  spectra  are  shown  displace  to  the  right  from  the  location  of  their  input  image  data.  The 
bright  horizontal  band  is  an  artifact.  Data  kindly  provided  by  Jet  Propulsion  Laboratory. 
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1.  INTRODUCTION 

The  modulation  patterns  observed  in  microwave  synthetic 
aperture  radar  (SAR)  images  of  the  ocean  surface  depend 
strongly  on  the  spatial  variation  of  those  components  of  the 
surface  wave  height  spectrum  whose  scales  are  comparable 
to  the  wavelength  of  the  SAR.  Because  the  magnitude  of 
these  spectral  components  depends  on  the  local  wind  vector, 
meso-  and  sub-mesoscale  flow  variations  in  the  marine 
atmospheric  boundary  layer  will  produce  characteristic 
signatures  in  SAR  imagery  via  their  momentum  exchange 
with  the  ocean  surface.  We  therefore  expect  SAR  to  be  a 
powerful  sensor  for  studying  the  vast  array  of  phenomena 
that  are  found  in  the  marine  atmospheric  boundary  layer. 
Initial  confirmation  of  these  expectations  have,  in  fact, 
already  been  realized  [e.g.,  1-5]. 

For  example,  in  [4,5],  we  analyzed  backscatter  variations 
present  in  an  ERS-1  SAR  image  in  order  to  reveal  the 
existence  and  depth  of  an  atmospheric  mixed  layer.  In  the 
present  paper,  we  show  how  the  intensity  variations  in  a 
SAR  image  can  be  employed  to  reveal  the  sea  surface 
manifestation  of  a  land  breeze. 

2.  SAR  IMAGE 

In  Fig.  1,  we  present  an  ERS-1  SAR  image  acquired  over 
the  southern  New  Jersey  Coastline  on  13  September  1991  at 
0311  GMT.  The  ERS-1  SAR  operates  at  5.4  GHz  vertical 
polarization  and  has  a  23®  incidence  angle.  Within  the 
image  in  Fig.  1,  there  exists  two  dominant  SAR  backscatter 
regimes  over  the  ocean  surface  that  we  suggest  are 
atmospherically  induced.  The  first  is  an  extensive  mottled 
regime  which  occurs  well  off  the  coast  in  the  southeast 
corner  of  the  image.  In  [4],  we  concluded  that  mottling  is,  in 
fact,  the  SAR  signature  of  marine  atmospheric  mixed 
cellular  convection.  In  [5],  we  demonstrate  how  the 
existence  of  mottling  can  be  used  to  estimate  mixed  layer 
depth  via  spectral  analysis  of  radar  backscatter. 

The  second  regime  in  Fig.  1  is  an  area  of  enhanced 
backscatter  directly  adjacent  to  the  coast.  This  area  of 
enhanced  backscatter  uniformly  decreases  in  intensity  with 
distance  from  the  coast.  There  is  a  narrow  region  of 
relatively  weak  backscatter  between  the  first  and  second 
regime.  Given  the  date,  time,  and  location  of  the  image,  as 
well  as  the  existence  of  mottling,  we  hypothesize  that  the 
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Eost  Longitude  (deg) 


Fig.  1:  ERS-1  SAR  Image  of  the  New  Jersey  Coastline 

second  backscatter  regime  is  the  footprint  of  a  land  breeze. 
Our  hypothesis  will  be  supported  using  routine 
meteorological  data  and  boundary  layer  theory. 

3.  THEORY 

A  land  breeze  is  the  near-surface  component  of  a  typically 
nocturnal  coastal  thermal  circulation.  Fig.  2  shows  an 
idealized  land  breeze  circulation.  During  the  night,  all  else 
being  equal,  the  land  and  the  air  adjacent  to  the  land 
radiatively  cools  more  so  than  their  maritime  counterparts. 
A  lower  boundary  layer  temperature  contrast  develops  in 
response  to  this  differential  cooling.  This  temperature 
contrast  induces  a  lower  boundary  layer  wind  flow,  a  density 
current,  from  the  cool,  dense,  air  over  the  land  towards  the 
relatively  warm,  less  dense,  air  over  the  water.  As  night  time 
progresses  and  the  temperature  contrast  increases,  the  land 
breeze  increases  in  horizontal  scale  and  strength.  In  the 
absence  of  appreciable  synoptic-scale  background  flow,  land 
breeze  wind  speeds  are  typically  on  order  of  a  few  meters  / 
second  and  the  wind  direction  veers  with  time  as  the  land 
breeze  increases  in  strength.  This  veering  of  the  wind  is  due 
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Fig.  2:  Schematic  of  a  Land  Breeze  Circulation  (modified 
from  [6]) 


to  the  Coriolis  force.  At  some  distance  over  the  water,  the 
influence  of  the  thermal  contrast  between  the  land  and  the 
water  can  no  longer  maintain  a  land  breeze  and  the  wind 
speed  diminishes.  The  surface  layer  air  then  converges  at 
what  is  referred  to  as  the  land  breeze  front.  Air  then  rises, 
flows  back  inland,  and  descends  to  complete  the  circulation. 
Typical  depths  of  a  mature  land  breeze  circulation  are 
hundreds  of  meters  to  a  few  kilometers.  The  day  time 
counterpart  to  the  land  breeze  is  known  as  the  sea  breeze  and 
is  typically  stronger  than  the  land  breeze.  For  a  more  in 
depth  review  of  the  physics  of  coastal  thermal  circulations 
see  [7]. 

The  phenomenon  of  the  land  and  sea  breeze  has  been 
extensively  studied  via  a  vast  array  of  atmospheric  models 
[e.g.,  8,9].  Observational  studies  of  the  sea  breeze  have  also 
been  conducted  helping  to  provide  thorough  understanding 
of  the  phenomena  [e.g.,  10,11].  In  contrast,  detailed 
observational  studies  of  the  land  breeze  are  lacking.  This 
gap  is  due  in  part  to  the  cost  and  man  power  requirements 
needed  to  readily  and  frequently  sample  the  marine 
atmospheric  boundary  layer  using  in  situ  instrumentation. 
Remote  sensing  studies  are  therefore  an  ideal  means  of 
filling  this  observational  gap. 

4.  DISCUSSION 

Several  qualitative  arguments  can  be  made  for  the 
existence  of  a  land  breeze  footprint  in  Fig.  1.  First,  the 
image  was  taken  during  the  night,  the  preferred  time  for  the 
existence  of  a  land  breeze.  Second,  the  area  of  enhanced 
backscatter  along  the  New  Jersey  Coastline  seen  in  Fig.  1 
conforms  well  with  the  theoretical  model  of  a  land  breeze 
given  in  Section  1 ;  the  intensity  of  backscatter  implies  a  light 
and  steadily  decreasing  wind  immediately  offshore.  Third, 
the  area  of  little  or  no  backscatter  seen  to  the  southeast  of  the 
hypothesized  land  breeze  may  indicate  the  existence  of  land 
breeze  frontal  convergence.  Finally,  the  mottling  seen  in  the 
southeastern  portion  of  Fig.  1  indicates  the  presence  of  a 
deep  mixed  layer,  a  relatively  warm  sea  surface,  and 
quiescent  synoptic-scale  weather  conditions  [4];  all  else 
being  equal  then,  the  meteorological  and  sea  surface 
background  conditions  are  ideal  for  the  existence  of  a  land 


breeze  (warm  water  and  calm  synoptic-scale  winds).  In 
order  to  confirm  the  presence  of  a  land  breeze  at  the  time  of 
the  ERS-1  SAR  overpass,  routine  meteorological 
temperature  and  wind  data  must  be  employed. 

4.1  Meteorology 

Review  of  National  Meteorological  Center  synoptic 
analyses  (not  shown)  corroborate  the  qualitative  assessment 
in  Section  3  that  no  large  scale  synoptic  disturbances  existed 
in  the  region  during  the  ERS-1  SAR  overpass.  At  image 
time,  the  imaged  area,  as  well  as  the  entire  northeastern 
United  States  was  under  the  influence  of  a  large  fair  weather 
high  pressure  system  which  was  centered  near  50.00  N, 
-75.00  E.  The  backscatter  variations  seen  in  Fig.  1  are 
therefore  not  of  synoptic  origin. 

Fig.  3  shows  four  stream  line  analyses  covering  the 
imaged  area  of  Fig.  1.  They  were  generated  from  synoptic 
and  surface  airways  data  for  0000  GMT,  0300  GMT,  0600 
GMT,  and  0900  GMT,  13  September  1991.  Arrows  indicate 
the  direction  of  the  wind  and  the  distance  between  stream 
lines  is  proportional  to  wind  speed.  It  should  be  noted  that 
these  analyses  were  generated  by  interpolating  between  a 
rather  sparse  number  of  data  points.  Interpolated  wind 
directions  and  speeds  at  any  one  point  may  therefore  be  in 
error.  For  example,  the  wind  speed  at  the  Atlantic  City  New 
Jersey  Airport  (the  only  ground  station  within  the  imaged 
area)  (ACY)  was  less  than  1  m  /  s  for  all  four  analysis  times 
(ACY  can  be  found  on  Fig.  1  at  39.45  N,  -74.57  E  and  near 
the  left  center  of  the  maps  in  Fig.  3).  However,  these 
analyses  are  appropriate  forjudging  the  larger  scale 
characteristics  of  the  flow  field. 

Within  Fig.  3,  it  can  be  seen  that  as  time  progressed  from 
0(X)0  GMT  to  0900  GMT,  winds  along  the  New  Jersey  Coast 
veered  from  a  predominately  easterly  flow  early  at  night  to  a 
westerly  flow  at  0900  GMT.  As  discussed  in  Section  3,  this 
nocturnal  veering  of  the  wind  is  characteristic  of  the  life 


Fig.  3:  Stream  line  analyses  from  13  September  1991 
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cycle  of  a  land  breeze. 

Unfortunately,  these  stream  line  analyses  do  not 
conclusively  support  the  existence  of  a  land  breeze  at  the 
time  of  the  ERS-1  SAR  overpass.  The  0300  GMT  analysis 
only  indicates  offshore  flow  in  the  northern  half  of  the  plot. 
A  possible  explanation  for  this  discrepancy  is  that  the  0300 
GMT  analysis  is  revealing  the  onset  of  the  land  breeze.  Note 
that  the  0300  GMT  analysis  uses  data  recorded  at 
approximately  0245  GMT.  Note  also  that  the  ERS>1  SAR 
overpass  occurred  at  03 1 1  GMT.  It  is  plausible  that  the  land 
breeze  was  developing  from  north  to  south  between  these  two 
data  acquisition  times.  To  add  credence  to  our  argument, 
note  that  the  backscatter  signature  from  the  hypothesized 
land  breeze  in  Fig.  1  is  stronger  in  the  northern  half  of  the 
image  indicating  stronger  wind  flow  there.  In  fact,  wind 
direction  data  from  a  buoy  located  near  the  mouth  of  the 
Hudson  River,  north  of  the  imaged  area,  almost  identically 
matches  the  veering  pattern  seen  in  the  streamline  analyses. 

The  cause  of  this  hypothesized  land  breeze  event  can  be 
found  by  simply  analyzing  temperature  data  from  ACY  and 
that  of  the  adjacent  coastal  waters  for  the  night  of  13 
September  1991.  Table  1  shows  the  nocturnal  temperature 
change  at  ACY. 


Table  1:  Temperature  Data  from  ACY  for  13  Sept.  1991 


0000  GMT 

0300  GMT 

0600  GMT 

0900  GMT 

57°  F 

51°  F 

51°  F 

50°  F 

While  the  temperature  at  ACY  dropped  through  the 
evening,  ship  and  buoy  reports  indicate  maritime  air 
temperatures  near  the  imaged  ranged  from  the  mid  60’s  to 
low  70’s  ®  F.  Given  the  above  qualitative  and  quantitative 
assessments,  we  believe  but  can  not  conclude,  this  nocturnal 
temperature  difference  between  the  land  and  the  sea  is  what 
induced  the  backscatter  variations  seen  along  the  New  Jersey 
Coast  in  Fig.  1  and  that  the  backscatter  variations  are  the 
SAR  footprint  of  a  land  breeze. 

5.  CONCLUSIONS 

Basic  boundary  layer  theory  combined  with  ERS-1  SAR 
image,  and  surface  meteorological  data,  analysis  suggest  the 
existence  of  a  land  breeze  footprint  off  the  New  Jersey  Coast 
in  Fig.  1.  The  image  time  combined  with  the  horizontal 
extent  and  intensity  of  the  backscatter  regime  in  question 
qualitatively  conforms  with  the  boundary  layer  thought 
model  of  a  land  breeze.  This  qualitative  evidence  is  partially 
supported  by  routine  meteorological  wind  and  temperature 
data.  However,  it  is  obvious  that  more  ground  truth  is 
needed  to  conclude  without  a  doubt  that  our  hypothesis  is 
correct.  To  further  this  type  of  research,  we  are  currently 
planning  several  large  and  small  scale  experiments  who’s 


purposes  are  to  meteorologically  ground  truth  SAR  imagery. 
This  type  remote  sensing  research  can  be  of  interest  to  the 
defense,  merchant,  and  recreational  coastal  marine 
community. 
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ABSTRACT 

This  paper  reviews  some  of  the  important  steps  necessary 
to  interpret  multiscale  atmospheric  phenomena  in  SAR  imag¬ 
ery,  using  examples  from  ERS-1.  In  some  cases,  it  may  be 
practical,  with  a  combination  of  SAR  imagery  and  conven¬ 
tional  meteorological  analysis,  to  effectively  specify  the  MABL, 
including  its  depth  and  stability,  surface  wind  speed  and  direc¬ 
tion,  and  sea-surface  stress  or  friction  velocity,  all  on  spatial 
scales  down  to  a  km  or  less.  Such  an  application  of  SAR  would 
represent  a  significant  advance  over  conventional  scatterometry, 
with  typical  spatial  resolution  of  >20  km.  This  resolution  is 
insufficient  to  resolve  the  turbulence  structures  in  the  MABL, 
and  therefore  also  insufficient  to  deduce  the  surface  wind  cor¬ 
rected  for  atmospheric  stability. 

1.  INTRODUCTION 

Synthetic  aperture  radar  (SAR)  imagery,  now  routinely  col¬ 
lected  from  space,  reveals  a  vast  array  of  phenomena  related  to 
the  behavior  of  both  the  ocean  mixed  layer  and  the  marine  at¬ 
mospheric  boundary  layer  (MABL).  The  spatial  variation  of 
the  SAR  backscatter  is  a  direct  measure  of  the  roughness  of 
the  ocean  surface  on  scales  comparable  to  the  SAR  transmis¬ 
sion  wavelength,  typically  a  few  cm.  These  roughness  varia¬ 
tions,  in  turn,  are  the  result  of  a  broad  range  of  oceanic  and 
atmospheric  processes  and  their  interactions.  To  the  extent  that 
the  spectral  energy  density  of  the  cm-scale  waves  is  a  direct 
measure  of  the  surface  stress,  SAR  imagery  can  be  used  to 
examine  surface  stress  variations  resulting  from  atmospheric 
phenomena.  Previous  work  with  atmospheric  signatures  in  SAR 
imagery  can  be  found  in  [1-6]. 

Processes  that  affect  the  spectral  density  of  the  cm-scale 
surface  waves  (and  hence  the  value  of  the  radar  backscatter 
Gq),  but  are  not  directly  related  to  the  ambient  wind  field,  can 
contaminate  the  wind  estimates.  Such  processes  include  the 
damping  of  cm-scale  waves  by  surfactant  films  and  the  modu¬ 
lation  of  the  local  wave  field  via  interactions  with  local  cur¬ 
rents. 

2.  HIGH  RESOLUTION  SAR  SCATTEROMETRY 

From  17  April  to  25  May  1992,  a  large  coordinated  ERS-1 
SAR  data  set  was  collected  over  the  NW  Atlantic  [7].  The 
original  goal  was  to  construct  an  800  km  square  mosaic  cover¬ 
ing  the  western  Gulf  Stream  and  the  coastal  regions  from  Cape 
Hatteras  to  Cape  Cod,  and,  through  comparisons  with  NOAA 
Advanced  Very  High  Resolution  Radiometer  (AVHRR)  imag¬ 
ery,  to  deduce  whether  SAR  could  reveal  anything  new  about 


the  large-scale  current  dynamics. 

Any  one  of  several  physical  processes  can  lead  to  a  modula¬ 
tion  of  the  SAR  intensity  in  the  vicinity  of  a  current  gradient: 
wave-current  interactions  can  cause  a  local  excess  or  deficiency 
of  scatterers  and/or  local  wave  breaking;  surfactants  can  col¬ 
lect  at  the  interface  of  two  converging  water  masses  and  be 
carried  along  by  the  mean  current  parallel  to  the  interface;  sharp 
stability  gradients  can  occur  at  the  boundaries  of  water  masses 
of  varying  temperatures,  causing  a  step-like  change  in  back¬ 
scatter  intensity.  Although  these  processes  are  useful  for  re¬ 
vealing  a  current  boundary,  they  can  also  contaminate  the  wind 
signature.  Moreover,  these  are  the  same  contaminating  influ¬ 
ences  that  can  introduce  errors  into  wind  estimates  from  con¬ 
ventional  scatterometry,  although  they  are  ordinarily  masked 
by  the  large  footprint  of  the  scatterometer.  Fortunately,  they 
are  often  recognizable  in  the  higher  resolution  SAR  imagery. 

Figure  1  shows  the  set  of  12  ascending  ERS-1  SAR  passes, 
constructed  from  87  100  km  square  frames,  that  were  collected 
over  a  38  day  interval  during  April/May  1992,  in  a  region  from 
Cape  Hatteras  in  the  SW  to  Cape  Cod  in  the  NE.  Adjacent 
pass  overlap  was  -30%  ;  the  passes  are  separated  here  for  clar¬ 
ity.  Each  frame  was  smoothed  to  100  m  pixels,  and  each  pass 
(4  to  8  frames)  was  corrected  for  both  cross-track  antenna  pat¬ 
tern  and  backscatter  fall-off  with  incidence  angle.  The  latter 
correction  was  estimated  by  dividing  each  pass  by  the  mean 
cross-track  trend  for  all  12  passes,  since  no  geophysical  basis 
exists  for  such  a  cross-track  trend  over  the  38-day  collection 
interval.  Relative  radiometric  calibration  from  pass-to-pass  was 
preserved  by  linearly  scaling  all  passes  identically.  The  result¬ 
ing  pixel  intensity  is  linearly  proportional  to  radar  backscatter 
a^at  a  specific  incidence  angle  (or  cross-track  position).  With 
this  correction  method,  and  in  the  absence  of  contaminants,  a 
spatially  homogeneous,  unidirectional,  neutrally- stable  wind 
UjQj^  should  produce  a  uniform  backscatter  (pixel  value)  over 
the  ocean  for  all  passes. 

The  SAR  imagery  in  Fig  1  is  rich  with  spatial  variations  on 
many  scales,  and  from  many  sources.  For  a  unidirectional  wind 
at  neutral  stability,  is  nearly  linearly  proportional  to  wind 
magnitude  (see  Fig  2,  calculated  from  [8]).  Associating  the  most 
probable  SAR  intensity  (pixel  value  of  87  from  ocean  histo¬ 
gram  of  Fig  1)  with  the  most  probable  Uj^^^  for  April/May  in 
the  NE  Atlantic  (5.5  m/s  from  climatological  data),  leads  to  an 
absolute  relationship  between  pixel  value  and  a^,  and  fric¬ 
tion  velocity  u^.  These  relationships  are  summarized  in  the 
four  columns  on  the  right  side  of  Fig  1 . 

In  general,  of  course,  the  wind  is  not  unidirectional,  and  the 


0-7803-3068-4/96$5.00©1996  IEEE 


896 


MABL  is  not  neutral.  For  example,  Fig  2  shows  that  the  same 
Gq  can  result  from  any  wind  speed  from  5  to  10  m/s,  depend¬ 
ing  upon  wind  direction  and  MABL  stability.  Note  that  a^  = 
0.4  (-4  dB)  can  result,  e.g,,  from  1)  a  neutral  upwind  of  5  m/s; 
2)  a  neutral  cross  wind  of  8.5  m/s;  3)  a  stable  upwind  of  6  m/s 
with  +4^  air-sea  temperature  difference.  At  lower  winds,  the 
stability  effects  are  even  more  pronounced.  For  <  3  m/s, 
stability  increasing  beyond  neutral  can  actually  quench  the 
backscatter.  Note,  however,  that  changes  on  the  unstable  side 
of  neutral  have  little  effect  on 

In  general,  to  extract  useful  wind  estimates  from  the  SAR, 
an  estimate  of  both  wind  direction  and  MABL  stability  must 
be  available.  But  if  an  unstable  MABL  can  be  assumed  a  priori, 
then  the  major  errors  will  come  from  the  unknown  wind  direc¬ 
tion.  Fortunately,  in  many  cases,  the  SAR  imagery  itself  pro¬ 
vides  clues  from  which  wind  direction  and/or  stability  can  be 
inferred.  Several  examples  of  ERS-1  SAR  imagery,  in  which 
such  clues  are  more  or  less  evident,  are  shown  in  Fig  3.  Panel 
A  shows  2-D  roll  vortices  [1,2],  panel  B  shows  island  shadow¬ 
ing,  and  panel  C  is  an  example  of  atmospheric  gravity  waves 
[3].  Panel  D  evidently  shows  an  enhanced  mesoscale  conver¬ 
gence  region  [9],  and  panel  F  shows  sharp  stability  changes 
induced  by  the  warm  Gulf  Stream  [6].  Panels  E  and  G,  perhaps 
suggestive  of  gravity  waves,  are  presently  unexplained. 


Figure  2.  Dependence  of  backscatter  a^on  a)  wind  speed  Uj^j^for  two 
directions,  and  b)  air-sea  temperature  difference  for  various  upwind 
wind  speeds,  calculated  from  [9].  A  a^of  0.4  can  result  from  infinite 
combinations  of  wind  speed  and  direction,  and  stability  (see  text). 

3.  SUMMARY 

SAR  imagery  is  rich  with  surface  signatures  related  to  the 
atmospheric  boundary  layer.  Although  many  of  these  signa¬ 
tures  have  been  observed  since  Seasat,  only  recently  have  some 
of  the  spaceborne  SAR  platforms  been  sufficently  radiometri- 
cally  stable  that  quantitative  estimates  of  the  radar  backscatter 
are  possible.  However,  armed  with  a  robust  absolute  calibra¬ 
tion  strategy,  a  good  understanding  of  the  spatial  scales  and 
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Figure  1,  Set  of  12  ERS-1  SAR  passes  collected  in  April/May  1992.  Calibration  method  (see  text)  preserves  relative  backscatter  for  all  passes. 
Ocean  histogram  peak  value  of  87  (column  1 )  is  associated  with  mean  April/May  wind  speed  (column  2)  of  5.5  m/s.  Wismann  algorithm  (Fig 
2)  permits  estimates  (column  3)  and,  tor  a  uniform  neutral  MABL,  estimates  (column  4).  The  many  caveats  are  discussed  in  the  text. 
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patterns  associated  with  various  atmospheric  processes,  and  a 
sensitivity  to  the  intrinsic  information  in  the  SAR  imagery  it¬ 
self,  a  complete  specification  of  the  MABL  appears  to  be  fea¬ 
sible,  at  least  over  a  limited  range  of  conditions. 

Even  when  clues  of  the  MABL  are  completely  lacking  in 
the  SAR  imagery,  a  careful  surface  analysis  combined  with 
larger  scale  wind  fields  from  a  spaceborne  scatterometer  should 
produce  a  good  first  guess  wind  direction  at  the  few  tens-of- 
km  scale,  which  could  then  be  iterated  down  to  a  few  km  with 
a  refined  SAR  image  analysis. 


Figure  3.  Some  interesting  examples  of  atmospheric  expressions  con¬ 
tained  in  Fig  1 .  Panels  A  and  B  are  20  km  wide.  All  others  are  80  km 
wide.  Panels  A,  C,  E,  and  G  have  been  enhanced  via  spatial  differen¬ 
tiation.  A:  2D  roll  vortices;  B:  land  shadowing;  C:  gravity  waves  [3]; 
D:  mesoscale  convergence  region  [9];  E:  unexplained;  F:  warm  Gulf 
Stream  [6];  G:  unexplained. 
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Abstract  ~  Tliis  paper  discusses  some  considerations  involved 
in  modeling  tlie  transient  effects  associated  with  unsteady  or 
non-unifonn  wind  fields  over  tlie  ocean.  The  spectral  energy 
balance  equation  is  solved  for  some  simple  cases  in  which  the 
wind  varies  in  time  or  space,  using  various  formulations  for 
tlie  wind  input  and  dissipation  terms.  An  overshoot  effect  is 
shown  to  occur  when  the  energy  dissipation  rate  is  assumed  to 
be  proportional  to  the  velocity  variance  due  to  longer  waves  in 
the  spectrum.  Examples  are  presented  and  some  implications 
for  SAR  image  interpretation  are  discussed, 

INTRODUCTION 

Manifestations  of  sub-mesoscale  atmospheric  phenomena 
such  as  wind  fronts  and  convection  cells  are  frequently 
observable  in  SAR  images  collected  over  the  oceans.  These 
image  features  are  apparently  caused  by  spatial  variations  in 
tlie  surface  wind  fields.  However,  the  relationship  between  tlie 
radar  cross  section  and  the  local  wind  speed  in  these  cases  is 
not  necessarily  tlie  same  as  for  the  case  of  uniform  and  steady 
winds,  because  tlie  wave  field  may  not  have  reached  its  final 
equilibrium  state  even  at  the  short  wavelengths  that  most 
strongly  influence  the  radar  backscatter. 

The  relationship  between  the  surface  wind  and  wave  fields 
is  described  by  the  spectral  energy  balance  equation,  which  is 
discussed  in  tlie  following  section.  Tlie  remainder  of  the  paper 
presents  the  results  of  some  numerical  experiments  using  this 
equation  along  witli  various  formulations  for  the  wave  growth 
and  dissipation  tenns.  Since  tliere  is  considerable  uncertainty 
about  tliese  tenn,  the  results  of  these  experiments  are  not  to  be 
considered  as  definitive,  but  are  intended  to  illustrate  possible 
behaviors  and  to  stimulate  further  research  into  the  underlying 
interaction  mechanisms. 

THE  SPECTRAL  ENERGY  BALANCE  EQUATION 

Tlie  spectral  energy  balance  equation  can  be  written,  in  tlie 
absence  of  surface  currents,  as 

I +  =F^(£)  (1) 

where  E  is  tlie  energy  spectral  density,  c^is  tlie  group  velocity. 
Research  supported  by  ONR  Contract  #  N00014-93-1-0105. 


and  {E)  is  the  net  source  function  for  wave  energy,  which 
can  be  written  as 

F^iE)  =  a  +  +  (2) 

where  a  is  a  linear  growth  parameter  (Phillips  mechanism), 
p  is  an  exponential  (Miles)  growth  parameter  ,  Z)  is  the 
energy  dissipation  rate,  and  T^i  represents  the  rate  of  energy 
transfer  due  to  nonlinear  wave- wave  interactions. 

The  linear  growth  mechanism  is  necessary  to  initiate  wave 
growtli,  since  it  is  the  only  term  that  is  non-zero  when  E=0, 
However,  this  term  is  frequently  assumed  to  be  negligible  in 
comparison  with  the  second  growth  term  soon  after  wave 
growtli  is  initiated. 

A  number  of  formulations  for  the  exponential  growtli  rate 
have  been  published.  The  results  shown  in  this  paper  were 
obtained  using  the  form  proposed  by  Donelan  and  Pierson  [1] 
which  can  be  written  as 

p  =  0.194^[^^^cos(<I>-‘I>^)-l]^w  (3) 

where  U(X/2)  is  the  mean  wind  speed  at  a  height  equal  to 
half  the  wavelengtli  of  the  surface  waves  under  consideration. 
This  mean  wind  speed  is  obtained  by  assuming  a  logaritlimic 
wind  profile  under  neutral  stability  conditions. 

Various  forms  for  the  energy  dissipation  rate  have  also  been 
used,  including  those  proposed  by  Hughes[2],  Komen  et  al 
[3],  and  Phillips  [4].  The  dissipation  rate  used  by  Komen  et  al 
is  proportional  to  the  energy  spectral  density,  witli  a  constant 
of  proportionality  that  depends  on  certain  integral  properties 
of  the  spectrum,  while  tlie  forms  used  by  Hughes  and  Phillips 
are  proportional  to  the  second  and  third  power  of  tlie  (local) 
spectal  density,  respectively. 

The  nonlinear  energy  transfer  term  as  originally  formulated 
by  Hasselmann  requires  extensive  computing  time  for  its  eval¬ 
uation,  and  various  approximations  have  been  used  to  improve 
computational  efficiency.  It  is  considered  to  be  an  important 
mechanism,  particularly  near  the  peak  of  tlie  spectrum,  and  it 
has  also  been  cited  as  an  explanation  for  the  “overshoot” 
effect,  which  is  discussed  below.  However,  because  of  its 
complexity  and  unceratinties  regarding  tlie  proper  formulation 
of  this  term,  it  has  been  neglected  in  the  following  numerical 
experiments. 
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SOLUTIONS  OF  THE  ENERGY  BALANCE  EQUATION 

The  simplest  form  of  the  energy  balance  equation  which 
reproduces  the  basic  observations  of  an  exponential  growth 
followed  by  a  transition  to  an  equilibrium  state  can  be  written 
as 

=  (4) 

dt  ^  dx 

where  B  is  the  “degree  of  saturation,”  defined  as  times  the 
height  spectrum,  and  is  the  ^-component  of  the  group 
velocity.  If  a  spatially  uniform  wind  field  is  applied  at  t=0  and 
is  assumed  to  be  constant  thereafter,  the  second  term  on  the 
left  side  of  tliis  equation  vanishes,  and  tlie  resulting  equation 
has  the  analytical  solution 

^  (5) 

y{l+e^  ) 

for  arbitrary  This  solution  is  shovm  in  Fig.  1  using  values 
of  p  calculated  from  (3)  for  a  wind  speed  of  5  m/s,  at  wave- 
numbers  of  10,  20,  and  40  rad/m,  and  assuming  Y  =  lOOP  . 
Although  it  yields  reasonable  values  of  the  equilibrium  spec¬ 
trum,  tliis  assumption  is  not  entirely  satisfactory  because  it 
makes  tlie  dissipation  rate  dependent  on  the  wind  speed,  rather 
than  on  only  tlie  wave  state. 

Similar  values  can  be  obtained  for  the  equilibrium  spectrum 
by  making  Y  proportional  to  the  velocity  variance.  There  is 
some  experimental  as  well  as  theoretical  justification  for  such 
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Fig.  1.  Analytical  solution  of  the  energy  balance  equation  (4) 
at  three  wavenumbers,  using  Donelan  and  Pierson’s 
growth  rate  (3)  and  a  constant  dissipation  rate  parameter 


an  assumption  [5],  but  physical  arguments  would  suggest  tliat 
the  dissipation  rate  for  any  given  wavenumber  should  depend 
only  on  the  orbital  velocities  associated  with  longer  waves  in 
the  spectrum.  These  arguments  motivate  a  re-definition  of  the 
dissipation  parameter  as 


k  2n 

where  aJ(A:)=J  Jc^(A:’)B(A:',f)  d(lnA:')  (7) 

0  0 

and  Y^  is  a  dimensionless  constant.  Using  this  definition,  a 
numerical  solution  of  (4)  was  accomplished  by  stepping  from 
lower  to  higher  wavenumbers,  assuming  Y  =  0  at  the  lowest 
wavenumber  and  recomputing  ol(k)  and  Y  at  each  successive 
wavenumber.  The  time  integration  was  done  using  tlie  second 
order  finite  difference  equation 

B(t  +  At)  =  Bit)  +  B\t)At  +  ^B"(t)(Atf  (8) 

where 

B'(t)  =  and  B"(0  =  (p  -  2Yi5)  B’(0  .  (9) 

This  procedure  was  found  to  accurately  reproduce  the  analytic 
solution  (5)  when  a  constant  value  of  Y  was  used,  with  a  time 
step  At  =  0.2/p .  The  results  obtained  by  using  (6)  with 
Y^  =  10  are  shown  in  Fig.  2  for  the  same  wind  speed  and 
wavenumbers  as  shown  in  Fig.  1 . 
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Fig.  2.  Numerical  solution  of  the  energy  balance  equation  (4) 
using  a  variable  dissipation  rate  coefficient  Y  as  given  by 
(6)  and  (7),  for  the  same  conditions  as  in  Fig.  1. 
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A  second  case  of  interest  is  that  of  a  wind  front  moving  at  a 
velocity  Uj-  in  the  x  direction,  with  a  wind  speed  behind 
the  front.  In  a  coordinate  system  moving  with  the  front,  the 
spectral  energy  balance  equation  can  be  written  as 


{Uf-c 


gx' 


dB 

dx' 


^B-YB^  x'>0 
-YB^  x'<0 


(10) 


lected  during  the  High  Resolution  Field  Experiment  (Fig.  4) 
captured  an  advancing  wind  front  with  characteristics  similar 
to  those  used  in  the  above  calculations.  A  pronounced  bright¬ 
ening  can  be  observed  at  the  leading  edge  of  the  front,  which 
may  be  interpreted  as  a  manifestation  of  this  overshoot  effect. 
Calculations  at  the  Bragg  wavenumber  of  40  rad/m  show  at 
least  a  qualitative  agreement  with  these  observations. 
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For  constant  Y  and  Uf  >  Cgx ,  the  solution  of  this  equation 
can  be  obtained  from  (5)  by  substituting  t-x!/{Uf-  Cg^)  • 
As  Uf  -Cg^-^Q,  the  time  axis  shrinks  and  the  solution 
approaches  a  step  function  at  x’  =  0  .  Waves  with  negative 
values  of  Uf  -Cg^  are  in  equOibrium  for  x’>0  ,  and  are 
radiated  ahead  of  the  front  where  they  decay  as 

B(x')  =  ^  I ,  for  j:'<0  (11) 

Y  (.x'  +  x^) 

Using  (6)  for  the  dissipation  rate,  the  numerical  solution 
described  previously  can  be  used  by  making  the  substitution 
t  =  x'/{Uf  -Cgjc)  for  waves  with  Uf  >Cgx,  and  assuming 
that  longer  waves,  if  they  exist,  have  reached  an  equilibrium 
state  in  the  region  jc’  >  0  .  Results  obtained  using  this  proce¬ 
dure  with  Uy^,=5  m/s  and  Uf=2  m/s  are  shown  in  Fig.  3. 

DISCUSSION 

The  numerical  experiments  described  in  this  paper  show 
that  an  overshoot  effect  is  predicted  for  a  growing  wave  field 
using  a  simple  wave  growth  model  in  which  the  dissipation  is 
assumed  to  be  proportional  to  the  velocity  variance  associated 
witli  longer  waves  in  the  spectrum.  L-band  SAR  images  col- 


Fig.  3.  Spectral  density  vs.  position  for  three  wavenumbers 
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Fig.  4.  ERIM  /  NAWC  L-band  SAR  images  showing  wind 
front  near  the  edge  of  the  Gulf  Stream  on  9/16/91 
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Abstract  —  We  examine  the  origin  of  the  strong  radar 
signatures  from  the  rip-like  feature  observed  during  the 
First  High  Resolution  Remote  Sensing  (HIRES- 1) 
experiment,  based  on  an  "end-to-end"  strategy  in  which 
radar  signatures  are  modelled  from  a  full-spectrum  wave 
approach,  using  surface  and  subsurface  currents,  derived 
from  the  underlying  hydrodynamics.  We  find  that  it  is 
necessary  to  include  wave-breaking  (WB)  effects  to  obtain 
satisfactory  agreement  with  experiment  for  the  magnitude  of 
the  observed  radar  signature.  We  accomplish  this  using  an 
earlier  WB  model  and  by  introducing  an  improved  WB 
model.  The  new  model  combines  the  statistically-based, 
composite  model  of  radar  backscatter  with  a  deterministic, 
feature  model  that  relates  the  predominant  backscatter  from 
breaking  waves  to  a  particular  geometrical  model  of  a 
spilling  breaker.  This  is  accomplished  by  using  localized 
WB  criteria,  based  on  critical  crest  acceleration 
information,  to  determine  the  probability  of  breaking,  and 
by  extending  the  feature  model  so  that  its  assumed 
geometry  may  be  determined  statistically.  This  allows  us  to 
eliminate  all  of  the  unknown  parameters  of  the  feature 
model  using  calculations  of  wave-height  spectra. 

INTRODUCTION 

In  this  paper  we  investigate  the  underlying 
dynamics  associated  with  a  strong,  rip-like  sub-mesoscale 
feature  that  was  observed  in  radar  imagery[l]  at  the 
boundary  between  Gulf  Stream  and  Shelf  water  near  Cape 
Hatteras  during  the  first  NRL  High  Resolution  Remote 
Sensing  Experiment  (HIRES- 1).  In  situ  current 
measurements [2]  have  shown  that  this  rip-like  signature 
occurs  along  the  boundary  of  a  sharp  current  convergence 
front.  These  measurements  also  indicate  that  the  frontal 
dynamics  involves  the  subduction  of  denser  Gulf  Stream 
water  under  lighter  shelf  water.  In  the  resulting  radar 
signature,  the  radar  cross-section  (RCS)  increases  by  -10- 
13  dB  along  a  line-shaped  feature,  extending  several 
kilometers,  predominantly  in  the  east-west  direction,  normal 
to  the  associated  front[l]. 

Jansen  et  al[3]  performed  calculations,  using  a  1- 
dimensional  model  of  the  surface  current  structure. 
Consistent  with  the  entire  set  of  in  situ  current 
measurements [2],  Mied  et  al[4]  developed  a  considerably 
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richer  model  for  the  surface  currents  and  dynamics  of 
current  flow  at  the  Gulf  Stream/shelf  water  boundary  when 
the  Gulf  Stream  advances  onto  the  shelf.  The  present  work 
provides  an  overview  of  a  detailed  study[5],  where  we  have 
extended  the  earlier  calculations^]  by  incorporating  the 
more  extensive  surface  current  structure  of  the  Mied  et  al 
model.  We  have  combined  these  calculations  of  subsurface 
and  surface  current  flow  with  modelling  of  the  wave  field, 
using  a  spectral  model  of  wave-current  interaction,  and  the 
electromagnetic  composite  scattering  (CS)  model  for 
relating  wave  field  to  radar  return,  to  simulate  the 
underlying  imaging  and  dynamics,  thereby  incorporating 
surface,  sub-surface  and  electromagnetic  effects.  When  the 
RCS  is  derived  from  this  approach,  using  the  CS  model,  the 
radar  signature  is  underpredicted  by  a  factor  of  ~4. 
Consistent  with  earlier  measurements [2]  and  calculations^], 
we  have  hypothesized  that  WB  effects,  not  included  in  the 
CS  model,  are  responsible  for  this  deficiency.  To 
investigate  this  point,  we  have  performed  new  calculations 
based  on  the  earlier  Sparse  Breaker  Model[3,5]  (SBM)  of 
WB  backscatter  effects  and  by  introducing  an  improved 
WB  model  [5].  The  improved  model  makes  use  of 
Localized  Wave-Breaking  Criteria  (LWBC)  for  relating  the 
probability  P{x,y)  of  WB  to  occur  at  a  point  (x,y)  to  the 
probability  that  a  wave  obtains  a  critical  wave  crest 
acceleration  Aj,[5].  WB  effects  are  included  by  replacing 
the  deterministic  "feature  modelling"  approach  due  to 
Wetzel[6],  with  a  modified  "statistically  determined"  model 
in  which  information  provided  by  P(x,y)  and  the  wave 
spectrum  are  used  to  determine  values  for  the  unknown 
parameters  of  the  feature  model. 

SUMMARY  OF  END-TO-END  PROCEDURE 

A  key  result  of  the  Mied  et  al[4]  study  is  that 
irrespective  of  the  initial  boundary  configuration,  the 
density-current  boundary  at  the  Gulf  Stream/shelf  water 
interface  evolves  into  a  propagating  surface  front,  and  the 
boundary  is  always  unstable.  Because  of  the  insensitivity 
with  respect  to  the  initial  boundary  configuration,  we  have 
been  able  to  model  [5]  the  underlying  current  structure  (in 
good  agreement  with  measurement[2,4,5]),  from  a  single 
choice  of  initial  conditions.  Here,  we  have  initialized  the 
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subsurface  current  calculations  using  density  p,  and  (Along’ 
Front)  velocity  U  profiles  corresponding  to  a  vertical 
interface  representing  the  density  boundary  and  a  broad  jet 
representing  the  adjoining  Gulf  Stream  flow. 

Geographically,  the  density  interface  simulates  the  northern 
inshore  edge  of  the  Gulf  stream  water  on  the  shelf.  Initial 
velocity  U  is  directed  eastward  in  the  positive  x  direction. 
The  other  directions  are  positive  y  north  and  positive  z  up. 

The  density  across  the  interface  decreases  in  the 
northward,  positive  y  direction,  with  a  density  change 
Ap=0.9  kg/m^  across  a  width  of  ~1  km.  The  value  for  Ap  is 
consistent  with  the  observations[2,4],  and  the  width  scale  is 
assumed.  The  density  interface  is  centered  at  the  mid  point 
of  the  model  domain,  which  has  linear  dimension  L=10  km. 
The  width  of  the  current  is  set  at  4  km  so  that  the  current  is 
contained  well  within  the  model  domain.  A  surface 
velocity  of  1  m/s  is  used,  and  this  velocity  is  assumed 
to  decrease  linearly  with  depth  to  a  zero  value  from  the 
surface  z=0  to  the  bottom  z=  -30  m. 

In  the  model,  the  sea  surface  is  rigid,  stress  free 
and  insulated;  the  shelf  bottom  is  flat,  no  slip  and  also 
insulated.  To  simplify  the  calculations,  in  the  horizontal 
direction,  periodic  boundary  conditions  are  imposed  on  the 
velocity  and  on  the  deviation  p’(=  P  -  P)  between  p^and 
the  mean  stratification  p  of  the  density  (defined  by  p=Po- 
Ap(y/L). 

As  in  the  model  by  Mied  et  al[4],  the  motion  is 
uniform  in  the  direction  parallel  to  the  density-current 
boundary  (in  the  east- west  direction  that  points  along  the 
rip),  so  that  p=p(y,z),  U=U(y,z),  and  the  remaining  (Across- 
Front)  current  component  V^V(y,z).  Using  these 
assumptions  and  the  requirement  of  incompressibility  and 
the  additional  assumption  of  the  Boussinesq  approximation, 
two-dimensional  calculations  of  the  subsurface  current 
structure  (based  on  the  Navier  Stokes  equation)  are  carried 
out.  Details  of  the  calculational  procedure  are  outlined 
elsewhere[4,5]. 

From  these  calculations,  at  the  surface,  the  surface 
currents  V  and  U  are  constructed.  Because  the  currents  do 
not  depend  on  x,  and  the  sea  surface  is  rigid,  at  the  surface 
U=U(y),  V^V(y),  and  there  are  two  non-vanishing  current 
gradient  components,  dV/dy  (the  Cross-Front  divergence) 
and  dU/dy  (the  Along-Front  shear).  Using  these  quantities, 
the  wave  action  density  N(k,rj)  is  determined  for  each 
wave- vector  k,  and  location  r  on  the  surface  of  the  ocean. 
The  procedure  for  deriving  N  is  similar  to  one  used  by 
Jansen  et  al[3].  The  one  important  difference  occurs 
because  in  our  model,  non-vanishing  Along-Front  currents 
and  current  gradient  components  are  present.  As  a 
consequence,  in  the  present  case,  to  solve  for  N,  we  use 


aco  dN{k^) 
dk^  dy 


A) 

dy  ^  dy  ^ 


dN(k^) 

dy 


=S(k/-), 

(1) 


in  place  of  the  simpler  equation  that  they  have  solved[3]. 
Here, 


Gi(k)=Oi^{k)^k^U+k/,  (2) 


(with  T  ^surface  tension 

of  water,  p,,^ensity  of  water)  is  the  intrinsic  angular 
frequency  of  the  wave,  and  S  (in  Eq.  1)  is  the  same  source 
function  that  was  used  previously [3]. 

RCS  values  were  determined  from  the  wave-height 
spectrum  F=kl{{Syjp,^)N,  using  the  CS  model[3,5].  A 
potentially  important  point  is  that  during  the  present  work, 
it  was  found  that  for  X-band,  when  the  CS  model  is  applied 
either  for  our  currents  or  for  the  Jansen  et  al[3]  currents, 
the  small  slope  approximation[5]  that  was  used  in  Jansen  et 
al[3]  overpredicts  the  radar  signature  by'-2  dB. 

WAVE-BREAKING  EFFECTS 

As  discussed  in  the  Introduction,  two  procedures, 
the  SBM  and  LWBC,  were  used  to  investigate  the  potential 
effects  of  WB.  The  SBM  refers  to  the  procedure  initially 
formulated  by  Jansen  et  al[3].  The  LWBC  is  based  on  a 
generalization  of  this  approach.  In  the  LWBC,  it  is 
assumed  that  the  probability  P(x,y)  for  wave-breaking  to 
occur  at  a  specific  point  can  be  obtained  and  P{x,y)  can 
then  be  used  to  infer  values  of  based  upon  the  further 
assumption  that  electromagnetic  backscattering  processes 
from  regions  involving  breaking  and  non-breaking  events 
are  not  coupled  to  each  other.  Based  on  this  strategy,  we 
write  the  total  specific  cross-section  (^specific  cross- 
sections  RCS  per  unit  illuminated  area),  using 

<,=(1  -P(x,y))(5cs*Pix,y)cZB, 


where  is  the  CS  specific  cross-section. 

The  two  new  quantities,  P(x,y),  oZb  »  required  in 
Eq.  3,  are  derived  by  assuming  that  the  contribution  to  the 
RCS  from  P(x,y)aZn  can  be  represented  using  a 
predominant  (average)  geometrical  shape  (based  on  an 
average  effective  geometry),  and  by  approximating  P(x,y) 
using  a  procedure  outlined  by  Snyder  and  Kennedy[7],  in 
which  it  is  assumed  that  when  the  local  crest  acceleration 
A^,  exceeds  a  critical  value,  breaking  occurs  with  100% 
certainty.  Using  this  assumption,  these  authors  showed 
that  when  P(x,y)  can  be  equated  with  the  fractional  white- 
cap  coverage  and  the  variance  of  the  crest  acceleration  Aa^ 
is  known,  P(x,y)  can  also  be  related  to  the  associated 
(normally-distributed)  probability  that  A^  is  exceeded.  Our 
procedure  is  to  evaluate  P(x,y)  using  this  method  for  each 
value  of  Aj.,  based  on  a  new  idea:  estimate  Afl^(x,y)  from 
the  vertical  acceleration  spectra  that  apply  to  our  calculated 
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spectra  F\  i.e.,  Aa^(x,y)=  [  at  each 

point  of  the  ocean  surfaces  To  compare  with  earlier  SBM 
results,  the  integration  used  in  these  calculations  excludes 
values  of  k>  471  m'*.  Also,  then,  consistent  with  Lyzenga’s 
observation[8],  gk»T/p^,h^,  and  (oj-gk,  so  that 
AaJx,y)=gAm(x,y),  where  Am(x,y)  is  the  local  slope 
variance. 

The  remaining  quantity  is  derived  from  an 
adaptation  of  Wetzers[6]  feature  model  of  spilling  breakers. 
Here,  instead  of  assuming  particular  values  for  the  crest 
length  S£  and  height  as  Wetzel  did,  average  effective 
values  and  are  derived  using  information  about 
P(x,y),  the  spectrally-averaged  value  of  F,  and  an  average 
representation  of  WetzeTs  expression  for  the  total  cross- 
section  In  particular,  by  equating  the  average  value 

that  results  when  is  averaged  (as  a  function  of  Sf)  over 
radar  footprint  size  Q  with  P(x,y)(f^g  Q,  it  is  possible  to 
derive  an  expression  for  that  depends  only  on  and 
not  on  provided  within  each  footprint,  P(xj)  can  be 
equated  with  the  fractional  coverage  of  breakers  found 
within  the  footprint.  Details  of  the  calculation  are  presented 
elsewhere[4].  The  result  is  a^^*y)^K^ave(^*y)^^  where 

and  ^radar  wavelength. 

RESULTS 

Fig.  1  shows  plots  of  the  V  (solid  line)  and  U 
(dashed  line)  surface  currents  (top  panel),  surface  current 
gradients  (middle  panel)  9V/9y=Cross-Front  divergence 
(solid  line)  and  9U/3y^  Along-Front  shear  (dashed  line), 
and  (in  the  bottom  panel)  the  RCS  from  the  CS  (dashed 
line)  and  the  RCS  that  results  when  WB  effects  are 
included  using  the  LWBC  procedure  described  above. 

The  variation  in  V  ~0.4  m/s  (top  panel),  maximum 
value  of  9V/3y'-.019  s'*  (directly  over  the  rip),  and  width  of 
the  regions  where  9V/3y  and  3U/3y  are  appreciable  all  are 
in  good  agreement  with  in  situ  measurements  [2].  RCS 
values  vary  with  3V/3y  qualitatively  in  agreement  with  the 
relaxation  model.  When  3U/3y  is  omitted  (in  calculations 
that  are  not  shown),  however,  the  peak  value  from  the 
enhancement  in  Gcs  is  reduced  by  1.5-2  dB,  indicating  that 
indirect  tilt-modulation  effects  not  included  in  the  relaxation 
model  play  a  role.  As  shown  in  Fig.  1,  WB  effects 
enhance  the  peak  value  of  the  RCS  from  5.8  dB  to  10.9  dB, 
in  quantitative  agreement  with  the  data  (which  shows  the 
RCS  varying  between  ~9  and  ~13  dB)  and  with  bounds 
derived  from  SBM  calculations[3,5].  The  WB  effect  that  is 
shown,  which  occurs  when  A^.=0.4g  (g=9.8  m/s^), 
corresponds  to  the  maximum  enhancement  that  is  found[5]. 
Pronounced  (>--  9  dB)  radar  signatures  are  obtained  for  a 
range  of  critical  accelerations,  0.3  g<  <  0.5  g,  indicating 
that  the  values  of  A^  from  the  simulation  that  are  consistent 
with  the  radar  measurements  over  the  rip  are  also  consistent 


RCS  with  and  without  WB  versus  position  (Y),  as  discussed 
in  text. 


with  results  for  A,,  that  have  been  obtained  in  wave-tank 
and  field  experiments[5]. 
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ABSTRACT 

This  paper  presents  low  grazing  angle  dual  polarized 
Doppler  radar  measurements  of  oceanic  fronts  made  from 
a  ship-borne  platform  during  the  2nd  ONR/NRL  High 
Resolution  Remote  Sensing  experiment  (HIRES-II). 
These  are  compared  with  in-situ  Acoustic  Doppler  Current 
Profiler  (ADCP)  measurements  and  occurrence  of 
whitecap  events  recorded  using  a  closed  circuit  TV 
camera.  The  results  show  that  dual  polarized  radar 
operating  in  this  angular  regime  can  provide  useful 
information  about  the  current  variability,  occurrence  of 
wave  breaking  and  the  effects  of  fronts  on  the  propagation 
of  ocean  waves.  This  information  is  important  for 
understanding  and  modeling  the  physical  mechanisms 
governing  the  radar  imaging  of  oceanic  fronts. 

INTRODUCTION 

Wave-current  interaction  along  oceanic  fronts  cause  an 
increase  in  surface  roughness  to  occur,  allowing  them  to 
be  detected  by  imaging  radars.  Modeling  electromagnetic 
scattering  from  such  features  usually  involves  predicting 
the  modulation  of  the  ocean  surface  wave  spectral  density 
from  knowledge  of  the  behavior  of  the  currents  across  the 
front.  These  predictions  are  then  combined  with  the 
composite  surface  scattering  model  to  estimate  radar  cross 
section  variations.  It  has  been  found  that  agreement  with 
observations  is  seen  only  when  a  contribution  due  to  wave 
breaking  is  included  in  the  scattering  model  [1]. 
Therefore,  the  current  variability,  frequency  of  wave 
breaking  events  and  the  effect  of  the  varying  flow  on  the 
propagation  of  ocean  waves  are  important  for 
understanding  and  modeling  the  physical  mechanisms 
governing  the  radar  imaging  of  oceanic  fronts. 

Recently,  it  has  been  demonstrated  that  scattering  from 
the  sea  surface  for  vertical  polarization  at  low  grazing 
angles  can  be  reasonably  well  explained  using  the  Bragg 
scattering  model,  whereas,  that  for  horizontal  polarization 
is  sensitive  to  wave  breaking  events  [2].  Using  the  Bragg 
model  the  Doppler  peak  spectral  shift  can  be  related  to 
motions  of  the  ocean  surface,  such  as  currents  and  orbital 
velocity  of  the  waves  [3].  Therefore,  dual  polarized 
Doppler  radar  measurements  offer  tiie  potential  to  provide 
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information  about  the  processes  involved  in  the  radar 
imaging  of  oceanic  fronts. 

This  paper  presents  dual  polarized  Doppler  radar 
measiu-ements  of  oceanic  fronts  made  during  the  2nd 
ONR/NRL  High  Resolution  Remote  Sensing  experiment 
(HIRES-II).  This  experiment  took  place  off  the  coast  of 
Cape  Haterras,  North  Carolina,  where  distinct  radar 
signatures  frequently  occur  as  Gulf  Stream  water  interacts 
with  coastal  waters.  Average  radial  scatterer  velocity  and 
consecutive  Short-Time  Fourier  Transforms  (STFT’s)  are 
computed  and  compared  with  concurrent  ADCP 
measurements  and  whitecap  events  detected  with  a  closed 
circuit  television  camera.  The  results  are  used  to 
investigate  the  utility  of  dual  polarized  Doppler  radar 
operating  in  the  low  grazing  angle  regime  for  remotely 
sensing  the  current  variability,  occurrence  of  wave 
breaking  and  the  effects  of  fronts  on  the  propagation  of 
ocean  waves. 

MEASUREMENT  CONCEPT 

The  dual  polarized  Doppler  radar  was  deployed  on  the 
port  side  of  the  USNS  Bartlett  as  shown  in  fig.l  [4]. 
Coherent  radar  scattering  measurements  were  made  over  a 
range  swath  of  1  km  using  a  range  resolution  of  3.75  m. 
A  total  of  64  range  cells  spaced  15  m  apart  were  placed 
across  the  1  km  swath.  A  range  resolution  smaller  than 
the  range  cell  spacing  was  used  so  that  a  large  range 
extent  could  be  covered  while  maintaining  high  range 
resolution.  Data  were  collected  as  the  ship  transected 
individual  fronts  and  stored  on  Exabyte  8  nun  magnetic 
tapes  for  off-line  processing.  A  Global  Positioning  System 
(GPS)  receiver  interfaced  to  a  PC  computer  recorded  the 
position  of  the  ship.  The  TV  camera  mounted  on  the  bow 
of  the  ship  collected  video  imagery  of  the  sea  surface  from 
which  whitecaps  were  detected.  The  ADCP 
measurements  were  made  using  NRL's  TOwed  ADCP 
(TOAD).  The  ADCP  is  mounted  on  a  3  m  long  tubular 
body  and  was  towed  in  the  undisturbed  water  on  the 
starboard  side  of  the  ship.  Currents  observed  at  the 
shallowest  bin  at  a  depth  of  1.7  m  were  compared  with  the 
Doppler  radar  radial  scatterer  velocity  measurements. 
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SURFACE  VELOCITY  MEASUREMENTS 

At  low  grazing  angles  shadowing  of  the  smaller  waves 
by  larger  ones  can  occur.  For  the  dual  polarized  Doppler 
radar  in  the  configuration  used  in  the  HIRES-II 
experiment  the  grazing  angles  ranged  from  0.5  degrees  at 
the  farthest  range  to  1.8  degrees  at  the  nearest  range.  The 
change  in  the  grazing  angle  across  the  swath  causes  the 
shadowing  to  become  more  severe  with  increasing  range. 
Therefore,  as  range  increases  only  the  larger  waves  with 
higher  orbital  velocities  are  visible  to  the  radar,  causing 
the  Doppler  peak  spectral  shift  to  move  to  a  higher 
velocity.  This  effect  is  a  problem  as  it  could  mask  the 
current  variation. 

Since  the  radar  has  enough  range  resolution  to  resolve 
individual  wave  crests,  the  largest  radar  cross  section 
crests  can  be  isolated  from  those  with  a  smaller  cross 
section.  These  peaks  should  have  on  average  the  same 
orbital  velocity  independent  of  range.  Therefore,  by 
averaging  the  radial  scatterer  velocities  associated  with  the 
largest  radar  cross  section  peaks  only  will  lessen  the  effect 
of  the  shadowing.  To  accomplish  this  task,  consecutive 
0.5  s  averages  of  the  backscatter  power  and  radial  scatterer 
velocity  time  series  were  computed  for  each  individual 
range  cell  over  a  two  minute  time  interval.  Backscatter 
power  was  averaged  incoherently  and  the  radial  scatterer 
velocity  was  computed  using  the  cross  Wigner-Ville 
instantaneous  frequency  estimator  [4],  [5].  For  each  range 
cell,  the  average  radial  scatterer  velocity  was  formed  by 
computing  the  average  of  the  velocities  associated  with  the 
21  highest  backscatter  power  averages  in  the  two  minute 
interval. 

Fig.2  shows  average  radial  scatterer  velocity  versus 
range  (top)  and  TOAD  measured  current  vectors  (bottom) 
for  a  front  separating  green-colored  water  to  the  north 
from  light-blue-colored  water  to  the  south.  The  fi’ont  was 
oriented  approximately  southwest  to  northeast  and  the 
radar  viewed  it  from  the  north  side  with  a  line  of  sight 

direction  of  192  °T .  Waves  were  propagating  towards 
the  radar  in  a  direction  approximately  along  the  radar  line 
of  sight.  Positive  velocities  are  towards  the  radar.  The 
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current  profiler 
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Current  field 

Figure  1.  Measurement  concept. 


REAR  VIEW 


Increased  surface  roughness 


radial  scatterer  velocity  on  the  north  and  south  sides  of  the 
front  were  found  by  averaging  the  velocities  over  the 
range  intervals  250  m  to  400  m  and  850  m  to  1000  m, 
respectively.  These  velocities  were  100  cm/s  on  the  north 
side  and  142  cm/s  on  the  south  side.  The  radial  scatterer 
velocity  on  the  south  side  of  the  front  is  larger  than  that  on 
the  north  side  of  the  front  by  42  cm/s,  indicating  that  the 
water  masses  were  converging  there.  The  largest  velocity 
is  seen  at  the  front  with  a  speed  of  178  cm/s. 

The  TOAD  measured  velocity  projected  in  the  radar 
line  of  sight  direction  is  shown  below  the  current  vectors 
in  fig.2  and  is  75  cm/s  for  the  south  side  of  the  front  and 
37  cm/s  for  the  north  side.  The  difference  between  the 
projected  velocities  across  the  front  is  38  cm/s  which  is  in 
good  agreement  with  the  difference  in  the  radial  scatterer 
velocity  measurement  across  the  front.  This  results  shows 
that  except  at  the  immediate  vicinity  of  the  front, 
vertically  polarized  Doppler  radars  have  the  potential  to 
measure  current  variations  across  it. 

Radial  scatterer  velocity  versus  range  for  a  similar  case 
is  shown  in  fig.3.  For  this  particular  scenario  the  front 
was  again  oriented  approximately  southwest  to  northeast 
and  the  radar  viewed  it  from  the  north  side  with  a  line  of 

sight  direction  of  151  °T .  Waves  were  propagating  in  a 
direction  nearly  perpendicular  to  the  line  of  sight.  TOAD 
current  vector  observations  indicate  that  the  water  masses 
were  converging  at  the  boundary.  However,  the  radial 
scatterer  velocity  on  the  north  side  of  the  front  is  larger 
than  that  on  the  south  side,  indicating  a  diverging  flow  in 
contradiction  with  the  TOAD  observations.  A  study  of  the 
TV  video  recording  showed  that  the  waves  were 
propagating  in  a  more  northerly  direction  on  the  north 
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Figure  2.  Radial  scatterer  velocity  and  TOAD 
measured  currents  showing  convergence  at  a  front. 
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side  of  the  front  due  to  the  interaction  of  the  waves  with 
the  changing  current,  giving  rise  to  the  apparent 
divergence  observed  by  the  radar.  Since  the  radial 
scatterer  velocity  is  a  function  of  the  cosine  of  the  angle 
between  the  line  of  sight  direction  and  the  wave 
propagation  direction,  the  radial  scatterer  velocity  is  very 
sensitive  to  changes  in  the  direction  of  wave  propagation 
for  this  particidar  case.  This  result  shows  that  vertically 
polarized  Doppler  radars  also  have  the  potential  to  study 
the  effects  of  fronts  on  wave  propagation. 

WAVE  BREAKING  OBSERVATIONS 


SUMMARY 

Dual  polarized  Doppler  radar  measurements  of  oceanic 
fronts  were  made  off  the  coast  of  Cape  Hatteras,  North 
Carolina.  Radial  scatterer  velocity  and  STFT's  were 
computed  and  compared  with  current  measurements  made 
with  an  ADCP  and  whitecap  events  observed  with  a  closed 
circuit  TV  video  camera.  The  results  show  that  dual 
polarized  Doppler  radar  measurements  provide  useful 
information  about  the  current  variability  and  the 
occurrence  of  wave  breaking  across  oceanic  fronts  and  the 
effects  of  fronts  on  wave  propagation. 


Whitecap  events  were  detected  from  the  video 
recordings  off-line.  The  time  that  whitecaps  of  length 
greater  than  0.25  m  reached  their  maximum  were 
recorded.  These  times  were  then  used  to  form  a  time 
series  of  the  number  of  detected  whitecap  events  per 
minute.  Fig.4  (top)  shows  this  quantity  for  video 
recordings  made  as  the  ship  traversed  a  front  separating 
rough  green-colored  water  from  calm  blue-colored  water. 
The  number  of  detected  whitecap  events  falls  from  16  on 
the  rough  water  side  to  7  on  the  calm  water  side.  Fig.4 
(bottom)  shows  consecutive  STFT's  of  both  horizontally 
and  vertically  polarized  scattering  from  a  single  range  cell 
for  the  same  front  crossing.  The  individual  broadband 
events  result  from  scattering  from  individual  wave  crests 
as  they  pass  through  the  radar  resolution  cell.  A 
significant  change  in  the  Doppler  spectral  characteristics 
occurs  as  the  cell  crosses  the  front.  For  vertical 
polarization  the  magnitude  and  bandwidth  are  smaller  on 
the  calm  water  side  of  the  front.  For  horizontally 
polarized  scattering,  however,  the  magnitude  drops 
dramatically  as  the  front  is  traversed  and  is  scarcely 
detectable  for  scattering  on  the  calm  side  of  the  front. 
These  changes  occur  coincidentally  with  the  decrease  in 
the  number  of  detected  whitecap  events  per  minute, 
indicating  that  Doppler  characteristics  may  be  potentially 
useful  for  determining  the  spatial  variability  of  whitecap 
occurrences  across  an  oceanic  front. 
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Figure  3.  Radial  scatterer  velocity  showing  divergence  at  a 
front. 
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Abstract  -  This  paper  examines  the  role  of  wave  breaking  in 
tlie  formation  of  the  bright  linear  features  that  appear  in  SAR 
images  collected  near  the  edge  of  the  Gulf  Stream.  Results 
from  a  recent  set  of  laboratory  experiments  are  used  to 
develop  a  relationship  between  the  rate  of  energy  dissipation 
and  die  generation  of  small-scale  roughness  by  breaking 
waves.  This  source  function  is  found  to  exceed  the  direct  gen¬ 
eration  of  waves  by  the  wind  at  high  wavenumbers  when  there 
are  large  current  gradients.  The  changes  in  the  small-scale 
roughness  and  radar  backscatter  due  to  this  mechanism  are 
estimated  and  the  results  are  compared  with  SAR  observations 
from  die  High-Resolution  Field  Experiment. 

INTRODUCTION 

SAR  images  collected  near  the  edge  of  the  Gulf  Stream 
contain  bright  linear  features  diat  appear  to  coincide  with 
regions  of  strongly  converging  surface  currents  associated 
widi  ocean  fronts,  internal  waves,  and  flow  over  bottom  topo¬ 
graphic  features.  Wave-current  interaction  models  based  on 
the  wave  action  equation  have  been  used  with  some  success  to 
predict  the  changes  in  the  surface  roughness  and  radar  back¬ 
scatter  for  such  features  [1,2].  However,  the  changes  in  the 
wave  spectra  predicted  by  these  models  decrease  rapidly  with 
increasing  wavenumber,  due  to  the  wavelength  dependence  of 
the  relaxation  rate.  When  coupled  with  a  Bragg  scattering 
model,  these  results  imply  much  smaller  changes  in  the  radar 
backscatter  at  higher  radar  frequencies  such  as  X-band  (3  cm 
wavelength)  dian  at  L-band  (25  cm  wavelength).  This  behav¬ 
ior  is  observed  for  some  types  of  SAR  image  features,  but  not 
for  the  bright  linear  features  considered  in  this  investigation. 

One  possible  explanation  for  this  discrepancy  is  the  effect 
of  wave  breaking.  An  increased  radar  backscatter  has  been 
observed  from  breaking  surface  waves  by  many  investigators, 
and  several  mechanisms  have  been  proposed  to  explain  these 
observations.  The  proposed  mechanisms  include  specular 
scattering  from  large  surface  slopes,  edge  diffraction  effects 
from  the  sharp  crests  of  waves  just  before  breaking,  and  Bragg 
scattering  from  tiie  small-scale  surface  roughness  generated 
during  tlie  breaking  process.  In  this  paper,  the  latter  mecha¬ 
nism  is  evaluated  by  extrapolating  laboratory  measurements 
of  breaking  waves  to  the  ocean,  using  the  rate  of  energy  diss- 
pation  in  tlie  breaking  wave  as  the  scaling  parameter. 


SMALL-SCALE  ROUGHNESS  GENERATED 
BY  BREAKING  WAVES 

Some  empirical  information  regarding  tlie  generation  of 
small-scale  surface  roughness  by  wave  breaking  can  be  drawn 
from  recent  laboratory  experiments  by  Walker  et  al [3].  These 
experiments  indicate  that  small-scale  surface  disturbances  are 
created  in  a  localized  region  on  the  forward  face  of  the  break¬ 
ing  wave,  and  are  swept  backward  over  the  aest  into  the  fol¬ 
lowing  trough.  Due  to  the  interaction  of  these  short  waves 
with  the  diverging  surface  currents  on  the  rear  face  of  the 
breaking  crest,  their  wavelengths  are  increased  and  tlieir  asso¬ 
ciated  height  variance  is  reduced  by  about  an  order  of  magni¬ 
tude  by  the  time  they  reach  tlie  zero  crossing  following  the 
breaking  wave  crest.  However,  a  significant  amount  of  short 
wave  energy  also  escapes  from  tiiis  region  and  subsequently 
decays  more  slowly  due  to  the  effects  of  viscosity  and  turbu¬ 
lence. 

Surface  roughness  measurements  were  made  during  tiiese 
experiments  using  an  optical  technique,  and  two-dimensional 
wavenumber  spectra  were  estimated  at  various  locations  along 
the  breaking  wave  surface.  Uie  rate  of  energy  dissipation  in 
the  breaking  wave  was  controlled  by  changing  the  angle  of 
attack  of  the  hydrofoil  that  was  used  to  generate  the  breaking 
wave,  and  the  energy  dissipation  per  unit  crest  length  was 
inferred  from  measurements  of  the  wave  kinetic  energy  at  the 
zero  crossings  on  either  side  of  the  breaking  crest.  The  spectra 
measured  near  the  breaking  crest  have  a  significantly  different 
shape  depending  on  the  energy  dissipation,  but  outside  of  the 
breaking  region  the  spectra  all  have  a  similar  shape,  with  an 
amplitude  that  is  proportional  to  the  energy  dissipation  rate. 
This  observation  suggests  that  the  rate  of  production  of  short 
wave  energy  may  be  described  by  means  of  a  source  function 
which  has  the  form 

s^^c{K)  m<t>)  =  m^)  (1) 

where  C{K)  is  the  phase  speed  of  the  breaking  wave,  £'(/:,(!)) 
is  the  short  wave  spectral  energy  density  and  is  the  energy 
disspation  rate  per  unit  crest  length.  The  function  /(/:,  (|))  was 
estimated  by  computing  tlie  energy  spectrum  from  each  of  tlie 
measured  height  spectra  and  scaling  tlie  results  by  C{K)/D'^ . 
The  resulting  data  points  were  then  fit  to  a  function  of  tlie 
form 
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I  A:  ^  for  k>k^  (2) 

where  a  ~  0.0026  and  k^^  15.4  rad/m.  This  function  appears 
to  fit  file  experimental  data  quite  well,  as  shown  in  Figure  1. 
However,  tiie  breaking  waves  in  this  experiment  all  had  a 
wavelengtli  of  about  80  cm,  so  it  is  necessary  to  make  some 
assumptions  to  generalize  tliese  results  to  other  wavelengtlis. 
Noting  tiiat  tile  cutoff  wavenumber  k^  is  about  twice  the 
wavenumber  of  the  breaking  wave  for  this  case,  we  will 
assume  tliat  tliis  is  true  in  general.  It  may  also  be  noted  that 
tlie  integral  of  f(k,  ([>)  over  all  wavenumbers  is  independent  of 
k^  and  is  equal  to  about  0.011,  which  would  imply  that  a  little 
over  one  percent  of  tlie  energy  dissipated  during  breaking  is 
converted  into  shorter  wave  energy  in  the  “far  field”  of  the 
breaking  wave. 

For  a  randotn  sea  containing  a  wide  range  of  breaking  wave 
lengtlis,  tlie  total  rate  of  production  of  short  wave  energy  due 
to  wave  breaking  is  predicted  on  the  basis  of  this  model  to  be 

<t))  =  <]))  D{K,  4>)  K  dK  d<S>  (3) 

where  D{K,  O)  is  tlie  rate  of  energy  dissipation  per  unit  wave- 
number.  If  tlie  wave  field  is  in  a  state  of  equilibrium,  with  the 
energy  input  from  the  wind  being  balanced  by  dissipation,  the 
total  rate  of  energy  dissipation  is  given  by 

^tot  =  ^ 

where  is  the  growth  rate  or  wind  input  parameter  and 

is  tlie  equilibrium  energy  spectrum.  Ignoring  the  energy 
transfer  due  to  nonlinear  wave-wave  interactions,  there  is  also 
an  approximate  “local”  energy  balance,  so  that 

,  (5) 

This  equation  was  evaluated  using  the  growth  rate  proposed 
by  Donelan  and  Pierson  [4],  Le. 

P  =  0.194^r5^^cos(<l>-4)J-l]^co  -  Avk^  (6) 

along  with  an  equilibrium  energy  spectrum  of  the  form 

(7) 

where  S^^^k)  is  tlie  Pierson-Moskowitz  wave  height  spec¬ 
trum  converted  into  wavenumber  coordinates,  k^  =  60  rad/m 
is  a  high  wavenumber  cutoff  inferred  from  measurements  by 
Jaehne  and  Rieiner  [5],  and 

A(0  -  4>^)  =  ^  cos'‘[(4>  -  ^J/2]  (8) 

is  tlie  normalized  angular  distribution  of  the  energy  spectrum. 
Tlie  dissipation  rate  from  (5)  was  substituted  into  (3),  which 
was  numerically  integrated  to  obtain  tlie  short  wave  energy 
production  rates  for  several  wind  speeds.  The  results  for  a 
wind  speed  of  5  m/s  are  shown  in  Fig.2  along  witli  tlie  rate  of 
energy  production  due  to  direct  wind  growth. 


Fig.  1.  Breaking  wave  source  distribution  function  derived 
from  laboratory  measurements  by  Walker  et  al.  [3]. 

WAVE-CURRENT  E4TERACTION  MODELING 


The  interaction  of  a  continuous  spectrum  of  ocean  waves 
with  a  surface  current  which  varies  only  in  the  x-direction  can 
be  described  by  the  equation 


dN  ,  .dN 
dt  ^  Sx  ^dx 


■  du  ,  dV 
'^^Tx^^dx 


where  N  is  the  action  spectral  density,  is  the  x-component 
of  the  group  velocity,  u  and  v  are  the  x  and  y  components  of 
the  surface  current,  k^  and  k^  are  tlie  x  and  y  components  of 
the  wavenumber,  and  F^{N)  is  the  net  source  function  for 
wave  action  [6,  7].  This  equation  can  be  rewritten  in  terms  of 
the  energy  spectrum  E  =  coA/ ,  where  co  is  the  wave  intrinsic 
frequency,  as 


dE  , 


dE 


dk 


X 


=  F^{E)  (10) 


where  F^{E)  =  +  .  (11) 


In  the  absence  of  any  currents,  the  energy  input  from  tlie  wind 
is  balanced  by  dissipation  as  discussed  in  the  previous  section. 
When  currents  are  present,  additional  energy  is  put  into  tlie 
wave  field  by  the  currents  and  the  rate  of  energy  dissipation 
also  increases.  In  order  to  estimate  the  change  in  the  energy 
dissipation  rate  due  to  a  given  current  gradient  we  will  assume 
tliat  dissipation  imposes  a  hard  upper  limit  to  the  energy 
spetrum,  so  that  the  spectral  density  remains  close  to  its  equi¬ 
librium  value  E^ .  In  this  case  the  first  two  terms  on  the  left 
hand  side  of  (10)  may  be  neglected.  If  the  energy  transfer 
term  is  assumed  to  depend  only  on  the  spectral  shape,  the  first 
and  last  terms  on  the  right-hand  side  of  (11)  are  also  nearly 
constant,  implying  an  increase  in  the  energy  dissipation  rate  of 
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Fig,  2.  Comparison  of  source  functions  due  to  direct  wind 
generation  (dotted  line),  breaking  waves  with  no  current 
gradients  (dashed  line),  and  breaking  waves  in  the  presence 
of  a  strong  current  gradient  (solid  line). 

Adding  this  change  to  the  dissipation  rate  in  (3)  produces 
changes  in  the  source  function  as  shown  in  Fig.  2  for  a  strain 
rate  of  0.01  sec‘\  which  is  representative  of  the  features  dis¬ 
cussed  below  [8]. 

DISCUSSION 

Segments  of  simultaneously  collected  L-band  and  X-band, 
VV-polarized  SAR  images  from  the  High-Resolution  Field 
Experiment  are  shown  in  Fig.  3.  For  an  incidence  angle  of  50^ 
tlie  Bragg  wavenumber  is  40  rad/m  at  L-band  and  300  rad/m 
at  X-band.  The  results  shown  in  Fig.  2  indicate  that  waves  at 
tlie  L-band  Bragg  wavenumber  are  primarily  wind-generated, 
but  that  wave  breaking  is  the  dominant  source  of  X-band 
Bragg  waves.  Thus,  variations  in  the  amount  of  wave  break¬ 
ing  due  to  wave-current  interactions  are  expected  to  have  little 
effect  at  L-band  but  a  large  effect  at  X-band  for  this  case. 
Altliough  additional  modeling  is  required  to  evaluate  the 
changes  in  tlie  wave  spectral  density,  it  seems  reasonable  to 
assume  tliat  tlie  spectral  density  and  tlius  tlie  radar  backscatter 
is  roughly  proportional  to  tlie  source  strengtii  in  this  spectral 
region.  The  observed  modulations,  wliich  are  on  tlie  order  of 
8-10  dB  for  the  X-band  image  and  34  dB  at  L-band,  are  con¬ 
sistent  with  the  results  shown  in  Fig.  2  if  this  assumption  is 
correct. 
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(b)  X-band,  VV-polarization  image 


Fig.  3.  ERIM/NAWC  SAR  images  collected  near  the  edge  of 
the  Gulf  Stream  on  September  16, 1991  (pass  15). 
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Abstract  --  X-band  radar  signatures  of  a  current  rip 
convergence,  resulting  from  denser  Gulf  stream  fluid 
interacting  with  fresh  coastal  shelf  water  near  Cape 
Hatteras,  were  observed  during  the  First  High  Resolution 
(Hi-Res  I)  experiment[l].  These  signatures,  which  appeared 
as  intense  (-10  dB)  enhancements  in  radar  cross  section 
(RCS)  in  the  form  of  meandering  linear  segments,  were 
accompanied  by  secondary  parallel  meandering  segments  of 
reduced  (-5-10  dB)  RCS  on  the  shelf  water  side.  The 
effects  of  wave-current  interaction  scale  with  the  surface 
velocity  (u)  while  the  effects  of  surfactants  scale  as  the 
ratio  of  surface  current  to  phase  velocity  (u/c).  Unlike 
internal  waves  which  ’graze’  upon  the  ambient  surface  film 
material,  current  rips  ’herd’  the  ambient  surface  film 
material  to  a  convergence  point  where  u/c=l.  The  latter 
features  can  induce  singular  behavior  for  a  monomolecular 
surface  film.  A  number  of  fundamental  issues  need  to  be 
resolved  including:  continuity  of  the  surface  film  in  regions 
of  wave  breaking[2];  buckling  of  the  monomolecular  film; 
and  subduction  of  the  surfactant  at  the  frontal  boundary. 
These  issues  are  highlighted  through  application  to  the 
Hi-Res  I  rip  feature  using  a  simplified  one-dimensional 
model  of  the  feature  as  well  as  the  surface  manifestation  of 
currents  derived  from  the  associated  depth-dependent 
structure. 

Introduction 

It  is  well  known  that  the  presence  of  an  elastic  surface  film 
can  have  a  profound  effect  upon  an  ocean  surface  wave 
field.  The  short  gravity-capillary  and  capillary  waves  are 
most  strongly  modulated  by  the  elastic  film.  A  surface 
flow-field  convergence  tends  to  concentrate  or  compress 
these  materials  whereas  a  flow-field  divergence  tends  to 
dilute  or  reduce  their  local  concentration.  The  surface 
currents  may  also  modulate  the  ocean  wave  spectrum 
directly  through  wave-current  interactions.  In  order  to 
characterize  the  effects  of  surface  active  materials  upon  the 
surface  wave  field  and  to  distinguish  them  from  the  more 
direct  effects  due  to  wave-current  interactions,  it  is 
necessary  to  solve  the  wave  action  equation  including 
surfactant-induced  wave  damping  in  combination  with  an 
evolution  equation  and  equation  of  state  of  the  surfactant 
material. 


During  recent  experiments,  associated  with  the  Naval 
Research  Laboratory  (NRL)  Accelerated  Research  Initiative 
(ARl),  High  Resolution  Remote  Sensing  sponsored  by  the 
Office  of  Naval  Research,  X-band  real  aperture  radar 
(RAR)  images  of  a  current  rip  feature  off  the  coast  of 
North  Carolina  in  the  vicinity  of  Cape  Hatteras  were 
obtained  by  Askari  [1].  Additionally,  "simultaneous” 
ground  truth  was  gathered  from  the  two  ships  involved  in 
the  experiment.  These  measurements  have  defined  the 
feature  to  be  that  of  a  strong  current  rip  convergence  front. 
In  those  experiments,  the  resulting  radar  images  of  this 
feature  displayed  a  corrugated  bright  image  with  an 
amplitude  of  approximately  300  m  and  a  wavelength  of  the 
order  of  1 .5  km.  Running  essentially  parallel  to  the  bright 
signature  was  a  dark  band  displaced  slightly  to  the 
shelf-side.  The  existence  of  this  dark  band  suggests  wave 
damping  due  to  accumulated  surfactant  as  a  possible 
mechanism.  In  this  paper,  we  model  the  ocean  wave 
spectral  modulations  and  the  radar  signatures  produced  by 
current  rip  convergent  features  of  that  type  in  the  presence 
of  surfactants.  We  simulate  the  current  rip  feature  surface 
velocity  field  similar  to  that  observed  in  the  recent  High 
Resolution  Remote  Sensing  ARI  experiments.  It  is  the 
objective  of  this  study  to  examine  the  simultaneous  effects 
of  wave-current  interaction  and  surfactant  damping  for 
current  rip  type  features  of  this  type  in  order  to  assess  the 
relative  contributions  of  each  of  these  phenomena  in  the 
modulation  of  the  spectral  density  and  the  generation  of  the 
radar  imagery  and  to  highlight  some  of  the  important 
scientific  issues  associated  with  these  types  of  features. 


Modeling  of  Surfactant  Effects 


For  the  one-dimensional,  steady,  situation  considered  here, 
the  wave-action  equation  is  written  as 


dx  dx  ^  dx  dk^ 


where  Cg^  represents  the  x-component  of  the  group  velocity 
of  the  waves  of  wave  number  k,  u  represents  the 
x-component  of  the  local  surface  velocity,  c  represents  the 
phase  velocity  of  the  entire  rip  feature  (x-direction),  y  is  the 
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wave  damping  rate  to  be  defined  below,  N  denotes  the 
wave  action  spectral  density,  and  k  is  the  resonant  regrowth 
term  due  to  Phillips.  The  first  term  on  the  right  hand  side 
is  the  Plant-Hughes  relaxation  term  (Eq.  21),  discussed 
above,  where  N^,  the  equilibrium  spectrum  and  6  the 
relaxation  rate. 


The  damping  rate,  7(k,E),  is  taken  as  that  of  the  linearized 
form  due  to  Dorrestein  [9]  and  Levich  [13]  is  a  function  of 
wave  number,  k,  and  the  film  elasticity,  E,  and  is  given  as 


Y(^,£)=^40a)Q[ 


20-v/80x+2x^ 


r/r,  =/i, //I =(!-(«, /c))  /  (i-(«/c)) 

where  Fj  represents  the  uniform  ambient  surfactant 
concentration  and  A,  represents  the  ambient  film  area 
corresponding  to  the  approaching  fluid  where  u=Ui.  We 
note  that  this  predicts  singular  behavior  for  the  film 
concentration,  F,  and  film  area.  A,  approaching  zero  when 
u/c— >1.0.  This  is  a  consequence  of  the  neglect  of  diffusion 
or  vertical  advection  of  surfactant.  In  practice,  the  huge 
resultant  surface  concentration  would  initiate  significant 
diffusion  along  the  surface  film  and  into  the  bulk  material 
and/or  the  surfactant  film  monolayer  would  be  destroyed  by 
buckling. 


where: 

and  0)  represents  the  intrinsic  frequency  of  the  wave  which 
is  approximately  defined  by 


In  order  to  circumvent  the  singular  behavior  predicted  by 
the  surfactant  evolution  equation  solution  and  to  model 
monolayer  film  buckling,  a  pressure-area  relation  due  to 
Barger  [3]  is  used  in  which  the  pressure  is  finite  as  the  area 
tends  to  zero. 


uy=\jgk  +  a/:*Vp 

with  a  denoting  the  surface  tension,  v  the  kinematic 
viscosity,  g  the  acceleration  of  gravity,  and  p  the  mass 
density  of  the  fluid.  Note  that  in  the  limit  of  zero  elasticity 
'Y^yis=4vk^  (viscous  damping). 

The  spreading  pressure  of  the  film  material  is  defined  as  the 
change  in  surface  tension  due  to  the  presence  of  the  film  . 
That  is,  p  =  Go  '  where  the  subscript  0  denotes  the  clean 
(film-free)  surface  properties.  The  elasticity  is  readily 
computed  from  a  pressure  area  relationship  for  the  film 
material  and  is  given  as 

E  -  -AidpjdA)  . 

For  an  insoluble  surfactant,  neglecting  any  vertical  transport 
at  the  interface,  we  have 

dvidt  ^  v,  (r«,)  =  0 

where  F  represents  the  surface  surfactant  concentration, 
represents  the  surface  velocity,  and  v  ^  the  surface  gradient 
operator.  If  we  assume  that  the  behavior  is  quasi -steady,  as 
a  consequence  of  a  Galilean  transformation  in  which  the 
coordinate  system  is  propagated  at  the  phase  velocity,  c,  of 
the  feature,  we  obtain,  relative  to  the  translating  coordinate 
system, 

a(r(w-r))/ajc=o. 

Here,  we  have  specialized  to  a  one-dimensional  feature 
flow-field  with  variation  in  the  x-direction  only  (u  is  the 
velocity  component  in  that  direction)  with  c  representing 
the  x-component  of  the  phase  velocity  of  the  feature. 

The  solution  of  Eq.  (1)  is  simply  given  as 


pA  =  51.6  +  102.7/?  -3.9p2 

This  relation  was  determined  from  the  behavior  of  a  large 
number  of  surfactant  samples  from  various  parts  of  the 
world  evaluated  at  film  pressures  from  0  to  10  d/c.  The 
extrapolation  to  the  limiting  pressure  represents  the 
’buckling’  pressure  for  the  film  and  defines  a  zero  film 
elasticity  at  the  singular  point.  This  extrapolation  does  not 
represent  an  accurate  description  of  the  film  behavior,  but  it 
effectively  simulates  film  buckling  by  limiting  the 
maximum  film  pressure  while  establishing  a  relatively 
realistic  response  throughout  most  of  the  pressure  range. 
Most  importantly,  the  singular  behavior,  which  is 
non-physical,  is  conveniently  bypassed. 

Results 

For  simplicity,  emphasizing  the  strong  convergence  of  the 
basic  feature,  a  simulated  velocity  has  been  generated  in 
one-dimension.  To  approximate  the  basic  north-south  flow 
corresponding  to  the  Hi-Res  I  rip  feature,  representing  a 
convergent  flow  field  with  a  20  c/s  relative  convergence 
velocity  occurring  across  a  transition  region  of 
approximately  20  m  is  modeled  as 

(J{x)  =  -  0.1  laTih(x/10) 

Early  estimates  of  the  phase  velocity  of  the  current  rip  were 
that  c=0. 1  m/s  so  that  the  convergence  point  where  u=c 
would  occur  on  the  extremely  small  velocity  gradient 
portion  of  the  feature.  The  estimated  wind  speed  was  3  m/s 
from  the  south  west.  With  these  quantities  input  into  the 
wave  action  equation,  combined  with  an  assumed  uniform 
ambient  surfactant  pressure,  the  surface  film  distribution 
can  be  computed,  the  modulated  spectral  density  may  be 
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evaluated  and  the  RAR  signature  can  be  generated  through 
a  composite  Bragg  scattering  model.  The  resulting  res  is 
summarized  in  Fig.  1.  For  ambient  Po  =  0.5  d/c  (upper  left 
plot),  the  predicted  radar  return  displays  a  region  of  reduced 
backscatter  followed  by  one  of  increased  backscatter  with 
the  total  signature  variation  coinciding  with  the  location  of 
the  steep  values  of  the  velocity  gradient,  du/dx  <  0.0  and 
I  du/dx  I  »1.  This  simulated  signature  is  quite  different 
than  that  observed  in  the  experiment,  in  that  the  relative 
order  of  the  bright  and  dark  signatures  appear  to  be 
reversed  and  the  separation  between  them  is  grossly 
underpredicted.  In  order  to  retard  the  occurrence  of  the  dark 
band  in  the  simulated  radar  image  and  thereby  shift  it 
relative  to  the  bright  variation,  a  number  of  additional 
simulations  were  made  with  reduced  initial  film  pressures. 
These  simulations  for  various  levels  of  initial  ambient  film 
pressure  are  also  depicted  in  Fig.  1.  A  systematic  trend 
shifting  the  dark  signature  to  the  right  (northward  in  the 
experiment)  is  apparent  as  the  ambient  film  pressure  is 
reduced.  The  results  corresponding  to  an  ambient  film 
pressure  of  0.(X)01  dyne/cm.  agree  most  closely  with  the 
experiment.  Clearly  this  represents  an  extremely  low  value 
of  the  ambient  pressure.  In  fact,  this  value  is  lower  than 
the  measurement  threshold  for  surface  films.  One  might 
question  the  predictions  of  these  extremely  small  values  of 
film  pressure  relative  to  the  unique  predictions  for  zero 
pressure.  However,  it  should  be  recalled  that  the 
convergence  considered  here  is  so  strong  that  it  predicts 
singular  behavior  for  the  relative  concentration  ratio  driving 
the  film  area  toward  zero.  This  is  due  to  the  fact  that  we 
have  neglected  diffusion,  considered  an  insoluble  film  and 
have  not  allowed  for  submergence  or  downwelling  of  the 
surface  film  material  due  to  the  convergence.  Within  these 
constraints,  any  finite  initial  film  pressure,  regardless  of 
how  small,  would  attain  singular  concentrations  through  the 
assumed  rip  type  convergent  flow.  For  real  flows, 
surfactant  diffusion,film  buckling  and  other  non-equilibrium 
effects  would  retard  and  hence  reduce  this  compression  to 
finite  levels.  Additionally,  if  significant  wave-breaking 
results  from  the  wave-current  interaction,  any  existing 
compressed  surface  films  would  be  destroyed  with 
subsequent  regeneration  and  compression  retarding  the 
establishment  of  the  compressed  surfactant  band.  The 
extremely  low  values  of  film  pressure  required  in  the 
simulations  may  be  due  to  the  fact  that  we  cannot 
completely  characterize  wave  breaking  and  the  attendant 
film  destruction.  Included  within  the  figure  is  the  case 
corresponding  to  zero  film  pressure  or  a  "clean"  surface  for 
comparison.  This  cross-section  variation  therefore 
illustrates  the  effect  of  wave-current  interactions  only;  that 
is,  no  film  damping. 

The  sensitivity  of  the  relative  location  of  the  dark  signature 


due  to  surfactant  damping  to  the  level  of  ambient  film 
pressure  is  in  large  part  due  to  the  extremely  small  value  of 
the  velocity  gradient  at  the  convergence  point  for  the 
modeled  feature  velocity  field.  Subsequent  estimates  from 
experiment  for  the  velocity  field  and  the  results  of  the 
end-to-end  models  of  Mied  et  al.[6]  and  Chubb  et  al.  [2] 
indicate  that  the  convergence  point  is  located  more  centrally 
on  the  rip  convergence  where  the  velocity  gradient  is  close 
to  its  maximum  value.  The  migration  of  the  dark  signature 
with  ambient  film  pressure  would  be  almost  entirely 
eliminated.  The  parallel  dark  features  are  possibly  due  to 
an  upwelling  of  surfactant  associated  with  a  subsurface 
rotor  predicted  by  Mied  et  al.[6]. 
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Figure  L  X-band  current  rip  RCS  for  various  ambient 
film  pressures. 
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Abstract  --  Congress  established  the  NASA  National  Space 
Grant  College  and  Fellowship  Program  (Space  Grant)  with 
legislation  enacted  in  1988,  Congress  conceived  the  program 
to  ensure  continued  US  strength  in  space-related  research  and 
education  and  to  capitalize  on  the  multiple  opportunities 
afforded  by  the  space  environment.  Space  Grant  consists  of  a 
national  network  of  52  university-based  consortia  in  the  50 
states,  the  District  of  Columbia,  and  Puerto  Rico.  These 
consortia  partner  over  550  affiliate  institutions.  Members 
include  colleges,  universities,  business  and  industrial 
partners,  state  and  local  government  agencies,  and  other 
nonprofit  organizations.  Space  Grant  consortia  actively 
engage  in  remote  sensing  education  on  a  variety  of  fronts  that 
span  infonnal  education  to  faculty  internships.  With  its 
presence  in  every  state,  Space  Grant  provides  an  effective 
interface  for  the  formation  of  partnerships  among  NASA 
program  offices,  university  and  precollege  educators, 
researchers,  business  and  industry,  and  state  and  local 
governments.  Specifically,  Space  Grant  is  presently 
building  partnerships  with  NASA’s  Mission  to  Planet  Earth 
(MTPE)  and  with  the  Cooperative  Extension  Service  (CES). 
The  partnership  with  MTPE  will  bring  space  imagery  to 
class  rooms  from  kindergarten  through  college.  As  a 
facilitator  with  a  multidimensional  interface.  Space  Grant 
may  help  to  alleviate  the  duplication  of  effort  that  often 
plagues  educational  projects.  The  partnership  with  CES  will 
bring  information  and  expertise  about  RS  data  and  products  to 
local  communities  in  the  areas  of  agriculture,  land  use, 
wetlands,  forestry,  water  management,  and  others. 

THE  NATIONAL  SPACE  GRANT  COLLEGE  AND 
FELLOWSHIP  PROGRAM 

With  legislation  enacted  during  the  late  1980s,  Congress 
CTeated  the  Space  Grant  Program  to  insure  a  continued  and 

0-7803-3068-4/96$5.00(£)1996  IEEE 


adequate  workforce  in  space  endeavors,  to  promote  space  and 
science  literacy  and  to  provide  public  service  by  bringing  the 
benefits  of  space  to  US  citizens.  During  the  first  five  years 
of  its  operation.  Space  Grant  developed  thousands  of 
successful  education,  research  and  public  service  programs. 
Cumulatively,  the  consortia  have  awarded  over  6500 
fellowships  and  scholarships  to  US  citizens.  With  a  matching 
binds  component,  consortia  members  have  leveraged  non 
federal  funds  to  approximately  double  the  Space  Grant  budget. 
A  significant  number  of  education  programs  involve  satellite 
imageiy  and  RS  data.  Space  Grant  is  now  poised  to  expand 
its  RS  efforts  on  two  fronts:  in  education  in  a  partnership 
with  MTPE  and  in  outreach  in  partnership  with  CES.  After  a 
description  of  RS  education  programs  now  in  place  at  Space 
Grant  institutions,  we  shall  present  the  efforts  underway  in 
developing  these  partnerships. 

REMOTE  SENSING  EDUCATION  PROGRAMS  AT 
SPACE  GRANT  INSTITUTIONS 

Over  half  of  the  52  Space  Grant  consortia  report  the  use  of 
remote  sensing  in  Earth  Systems  Science  education.  The 
range  of  activity  spans  informal  science  museum  programs 
through  university  faculty  training.  Space  Grant  consortia 
employ  diverse  education  vehicles  such  as  precollege  teacher 
training  seminars,  elementary  through  secondary  school 
classrooms,  university  level  courses,  and  faculty  training  at 
Earth  Observing  System  Data  Centers.  Space  Grant 
developed  courses  and  materials  focus  on  the  interdisciplinary 
use  of  remotely  sensed  data  and  instrumentation.  Space  Grant 
contributes  thousands  of  dollars  annually  to  provide  student 
and  faculty  training  in  remote  sensing.  In  addition  to 
traditional  education  venues.  Space  Grant  consortia  have  also 
used  remote  sensing  to  aid  state  and  local  economic 
development. 
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Individual  state  consortia  boast  many  outstanding  programs 
and  materials  in  remote  sensing;  a  few  examples  follow.  The 
University  of  Alaska  Science  Museum,  with  support  from 
the  Alaska  Space  Grant  Consortium,  has  developed  a  set  of 
user-friendly  materials  designed  to  teach  Alaskan  precollege 
students  how  to  interpret  satellite  images  of  the  environment. 
Similarly,  the  GAIA  Crossroads  project,  co-sponsored  by 
Apple  Computer,  the  Maine  Space  Grant  Consortium  and 
others,  teaches  precollege  students  in  86  Maine  schools  how 
to  interpret  images  of  their  local  communities.  As  a  GAIA 
participant,  Wiscasset  Primary  School  purchased  what  is 
believed  to  be  the  first  school-owned  real-time  satellite 
receiving  station  that  can  access  data  from  the  NOAA  polar 
orbiting  satellites  and  the  GOES  stationary  satellites.  The 
receiving  satellite  has  increased  educational  opportunities  in 
the  classroom  and  has  led  to  non-school  related  requests  for 
information  by  state  and  local  officials.  In  Kennebunk, 
image-savvy  students  assisted  town  fire  marshals  in 
discovering  fire  ponds  for  use  with  local  fire-fighting  needs. 

The  Hawaii  Space  Grant  consortium  provided  expert 
consultation  to  determine  GIS  applications  for  the  state,  to 
assess  the  need  for  remotely  sensed  data  in  American  Rag 
territories  in  the  South  Pacific,  to  interpret  lava  flow 
information  from  island  volcanoes,  and  to  develop  a  low-cost 
remote  sensing  device  for  a  local  business.  The  consortium 
has  used  these  and  other  experiences  to  implement 
undergraduate  level  courses  in  remote  sensing  using  satellite 
data  gathered  from  the  islands.  The  Nevada  Space  Grant 
consortium  has  funded  faculty  research  that  studies  the 
application  of  remotely  sensed  data  to  traffic  problems  on  the 
nation's  highways.  Wyoming's  Space  Grant  consortium  has 
funded  a  full-time  faculty  member  to  develop  courses  in 
remote  sensing.  The  consortium  created  and  distributed  a 
Wyoming  CD  ROM  to  all  secondary  science  and 
mathematics  school  teachers  in  the  state.  The  CD  contains 
images  of  Wyoming  for  use  in  image  processing  tasks. 
Wyoming  has  joined  with  several  other  state  Space  Grant 
consortia  and  the  EOS  data  center  (SD)  to  form  the  Upper 
Midwest  Consortium.  This  new  consortium  plans  to  take 
full  advantage  of  the  Earth  Systems  Science  Education 
initiative  by  offering  courses,  teacher  and  faculty  training,  and 
technology  transfer  products  to  meet  the  agricultural  needs  of 
local  communities. 

As  a  student  project  partially  funded  by  the  National  Space 
Grant  program,  Arizona  State  University  is  building  and  will 
launch  AUSat  1,  a  satellite  designed  to  collect  meaningful 
data  on  the  Earth's  aurora.  Mississippi  Space  Grant,  in 
cooperation  with  Stennis  Space  Center,  has  developed  a 
community  college  project  that  places  remotely  sensed 
images  and  other  data  on  the  World  Wide  Web  for  use  in 
Earth  Systems  science  courses. 


Maryland  Space  Grant  has  co-developed  the  Educators' 
Manual  for  Satellite  Image  Interpretation,  a  teacher’s  guide 
for  using  remotely  sensed  imagery  in  the  classroom.  The 
California  Space  Grant  consortium,  introduced  the  KIDSAT 
project-designed  to  place  relevant  space  imagery  into  the 
hands  of  precollege  teachers  and  students  for  practical  local 
application.  Space  Grant  institutions  have  conceived  and 
implemented  myriad  other  projects  or  activities  that  employ 
the  use  of  remotely  sensed  Earth  systems  data.  The  National 
Space  Grant  program,  through  its  network  of  state  consortia, 
will  continue  to  fund  these  and  other  yet  to  be  developed 
projects  with  the  vision  of  making  remote  sensing  a  user- 
friendly,  economically  important,  educational  tool  for  the 
21st  century. 

BRINGING  THE  BENERTS  OF  REMOTE  SENSING  TO 
CITIZENS  THROUGH  PARTNERSHIPS 

NASA  organizes  its  activities  around  strategic  enterprises.  A 
premier  NASA  strategic  enterprise  is  MTPE,  a  scientific 
research  program  designed  to  study  global  climate  change. 
This  study  is  made  by  collecting  large  amounts  of  data  from 
remote  sensing  satellites  which  are  used  for  scientific 
modeling  of  the  glob^  climate.  In  parallel,  at  its  Stennis 
Space  Center,  NASA  is  also  involved  in  collaborations  with 
space  industries  to  develop  satellites  and  sensors  for 
commercial  remote  sensing.  Space  Grant  has  defined  as  one 
of  its  objectives  to  provide  the  benefits  of  NASA’s  MTPE 
and  commercial  RS  data  and  products  to  the  public.  This  is  to 
be  done  through  partnerships.  To  explore  possible 
parmerships  with  MTPE  and  Cooperative  Extension  Service, 
Space  Grant  has  organized  two  conferences  in  1995. 

The  “NASA  Space  Grant  Conference  on  Extending  Remotely 
Sensed  Data  to  Local  Conununities  in  the  Southeastern  US” 
took  place  in  Huntsville,  AL  on  June  12-13,  1995.  This  first 
conference  brought  together  about  60  participants  from  CES, 
Space  Grant,  MTPE,  universities  and  corporations.  This  was 
a  Get- Acquainted  meeting  whose  goal  was  for  participants  of 
such  varied  backgrounds  to  learn  about  each  others  interests 
and  concerns.  The  discussion  made  it  clear  that  MTPE  data 
and  products  would  find  their  best  use  in  education  rather  than 
with  CES  since  they  will  have  less  resolution,  will  be  more 
global  and  will  be  available  on  a  less  timely  basis  than 
commercial  RS  data.  On  the  other  hand,  commercial  RS  data 
and  products  will  be  more  suitable  for  applications  like 
agriculture,  forestry,  land  use,  etc.  and  could  be  extended  to 
local  communities  through  the  CES  network.  A  second 
meeting  took  place  in  Biloxi,  Mississippi  Nov.  30-Dec.  1, 
1995  entitled  “The  NASA  Space  Grant  Extension  Workshop 
on  Remote  Sensing”.  Its  goal  was  to  identify  pilot  projects 
in  education  and  extension  facilitated  by  Space  Grant.  The 
workshop  brought  together  over  120  participants  from  all 
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parts  of  the  country.  Topics  discussed  were  college  and 
precollege  education,  precision  agriculture,  land  use,  weather 
and  agriculture,  wetlands  and  forestry,  plant  stress  detection, 
and  water  management.  The  CES  specialists  and  county 
agents  present  (about  30%  of  the  participants)  expressed  great 
interest  in  using  RS  and  GIS  products  with  the  public  they 
serve.  A  number  of  commercial  RS  and  GIS  providers  present 
encouraged  CES  personnel  to  be  trained  in  RS  and  GIS  to 
provide  expertise  to  the  public  they  serve.  Several  pilot 
projects  were  identified.  The  outlines  for  partnerships  and 
projects  with  MTPE  and  CES  as  recommended  at  the  last 
conference  follow. 

Space  Grant  educational  initiatives  and  partnership  with 
MTPE 

In  precollege  education,  Space  Grant  universities  may 
organize  teacher  training  workshops  in  their  States  using 
education  materials  produced  by  MTPE.  They  may  also 
monitor  the  effectiveness  of  these  materials.  Space  Grant  as  a 
whole  could  act  as  a  clearinghouse  for  such  materials  and  help 
reduce  duplication  of  efforts.  This  could  be  a  very  effective 
way  for  Space  Grant  to  support  national  education  initiatives. 

In  college  education,  Space  Grant  may  help  establish  a 
curriculum  for  an  undergraduate  RS/GIS  program  and  use  its 
banner  to  acaedit  this  program  and  thus  help  universities  to 
establish  such  a  curriculum.  Another  recommendation  is  for 
Space  Grant  to  establish  fellowships  for  professionals  to 
work  with  some  of  the  data  providers  like  MTPE  to  create 
instructional  materials.  That  would  benefit  both  MTPE 
people  in  learning  what  educational  products  are  needed  and 
the  faculty  fellow  who  would  learn  what  is  available  in  the 
MTPE  archives  and  what  it  takes  to  produce  the  products. 

Space  Grant  partnership  with  CES 

The  Cooperative  Extension  Service  is  an  association  between 
the  US  Department  of  Agriculture,  Land  Grant  universities 
and  county  governments  whose  purpose  is  to  improve 
people’s  lives.  It  has  a  national  network  with  offices  in  over 
3,000  counties  in  the  US.  Historically,  CES  focused  on 
agriculture  and  rural  community  problems.  Recently,  its 
emphasis  has  shifted  to  modem  day  issues.  Its  programs  now 
emphasize  help  to  communities  in  economic  transition, 
people’s  health,  food  safety  and  quality,  the  plight  of  young 
children,  sustainable  agriculture,  waste  management,  water 
quality  and  help  to  youth  at  risk.  Land  Grant  Universities 
organize  and  monitor  the  work  done  by  CES  county  agents  in 
their  State.  Thus,  CES  has  a  nationwide  network  devoted  to 
helping  people  in  local  communities  at  the  county  level. 


Land  Grant  Universities  have  specialists  in  agriculture,  home 
economics,  environmental  issues,  land  use,  weather,  etc. 
These  specialists  are  often  researchers  and  teachers  in  various 
departments  on  the  Land  Grant  campuses.  They  train  and 
support  CES  county  agents  who  directly  help  citizens  in  their 
communities  and  play  a  role  in  city  councils,  civic  clubs  and 
county  government.  Space  Grant  sees  the  CES  network  as  a 
conduit  with  access  to  local  communities  for  its  outreach  and 
public  service  effort.  CES  sees  Space  Grant  as  a  partner  that 
gives  it  access  to  space  technology,  training  and  information. 

Many  Space  Grant  universities  are  also  Land  Grant 
institutions  and  can  work  in  partnerships  with  CES  in  their 
State.  Initially,  these  partnerships’  will  be  to  inform  local 
communities  on  the  potential  uses  of  RS/GIS  products. 
Later,  as  use  of  RS/GIS  products  will  become  commonplace, 
the  partnerships  will  provide  expert  advice  on  new  products 
and  on  how  to  solve  specific  problems  encountered  in  the  use 
of  products.  In  both  steps  Space  Grant  consortia  will 
facilitate  the  training  of  CES  personnel  in  RS/GIS  for 
specific  uses  (agriculture,  disaster  relief,  land  use, 
environmental  issues,  etc.).  Training  CES  specialists  has  a 
considerable  leveraging  effect  since  the  specialists  in  every 
State  will  train  and  support  the  county  agents  in  that  State.  A 
goal  would  be  to  have  a  RS/GIS  specialist  in  CES  in  each 
State,  perhaps  partially  funded  by  NASA. 

At  the  Biloxi  Workshop,  it  was  reconunended  that  Space 
Grant  initiate  a  campaign  of  information  on  the  potential  of 
RS/GIS  through  media,  through  CES  at  the  local  community 
level,  at  farmers’  fairs  and  at  county  agents’  national 
meetings.  This  campaign  could  influence  the  rate  of  adoption 
of  RS/GIS  products  by  farmers,  foresters,  city  developers, 
etc.,  and  facilitate  the  onset  of  a  booming  remote  sensing 
industry. 

CONCLUSION 

Since  1991  more  than  half  of  the  nation's  Space  Grant 
consortia  have  produced  and  implemented  the  use  of  remotely 
sensed  products  for  curriculum  and  instruction  at  both  the 
precollege  and  university  levels.  Faculty  are  being  trained  to 
understand  and  transform  raw  data  for  classroom  use.  Space 
Grant  students  and  faculty  engage  in  satellite  design  and 
construction.  Expanding  on  these  achievements,  the  Space 
Grant  Program  is  now  initiating  a  partnership  in  education 
with  NASA’s  Mission  to  Planet  Earth.  Space  Grant  has  also 
started  an  aggressive  outreach  effort  in  association  with 
Cooperative  Extension  Service  personnel  to  provide  local 
communities  with  the  benefits  of  RS/GIS  products. 
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ABSTRACT 

The  National  Aeronautics  and  Space  Administration 
(NASA)  has  a  leadership  role  in  Earth  Systems  Science 
research  for  the  United  States  with  the  Mission  to  Planet 
Earth  (MTPE)  program,  which,  making  use  of  satellite 
technology,  remote  sensing,  and  image  processing,  is 
altering  our  understanding  of  our  planet 

Although  significant  effort  is  going  into  the  MTPE 
program,  and  although  the  implications  of  this  research 
will  have  widespread  impact  on  environmental,  scientific, 
social,  political,  economic,  and  health  policies 
worldwide,  few  teachers  and  far  fewer  students  are  aware 
of  these  efforts,  or  have  the  skills  and  knowledge 
necessary  to  understand  them.  Typically,  students  and 
teachers  do  not  have  experience  with  analyzing  problems 
on  an  ecosystem  or  biosphere  scale.  But  MTPE’s 
scientific  studies  hold  great  potential  to  enhance,  enrich, 
and  extend  the  K-12  science  and  mathematics  curricula. 
Many  curriculum  materials  have  been  developed  for  this 
purpose  by  MTPE,  Project  Globe,  and  others. 

In  order  to  provide  middle  school  educators  from  across 
the  United  States  with  the  skills,  knowledge,  and 
materials  necessary  to  teach  their  students  about  Earth 
Systems  Science  and  NASA’s  MTPE  research  efforts,  the 
NASA  Classroom  of  the  Future  will  design,  develop, 
field  test,  and  disseminate  an  on-line  course  making  use 
of  World  Wide  Web  and  Virtual  Reality  Mark-up 
Language  (VRML)  technologies. 

The  development  of  the  on-line  inservice  course  will 
be  a  collaborative  effort  involving  classroom  teachers, 
education  personnel  and  scientists  from  NASA’s  Mission 
to  Planet  Earth  (MTPE),  the  Classroom  of  the  Future 
(COTF),  and  Space  Grant  Consortia  members. 


INTRODUCTION 

The  Earth  as  a  system  and  the  impact  of  human  beings 
on  that  system  have  become  the  focus  of  extensive 
national  and  international  research  efforts.  For  example, 
the  International  Council  of  Scientific  Unions'  (ICSU) 
International  Geosphere-Biosphere  Programme  (IGBP), 
the  United  States  Global  Change  Research  Program,  and 
the  National  Research  Council  have  focused  on  global 
change  as  a  major  part  of  their  research  agenda. 
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The  National  Aeronautics  and  Space  Administration 
(NASA)  has  taken  a  leadership  role  in  this  research  for 
the  United  States  with  the  Mission  to  Planet  Earth 
(MTPE)  program,  which  makes  use  of  satellite 
technology,  remote  imaging,  and  image  processing,  and 
is  altering  our  understanding  of  the  Earth  as  a  system. 

Although  significant  effort  is  going  into  the  MTPE 
program,  and  although  the  implications  of  this  research 
will  have  widespread  impact  on  environmental,  scientific, 
social,  political,  economic,  and  health  policies 
worldwide,  few  teachers  and  far  fewer  students  are  aware 
of  these  efforts,  or  have  the  skills  and  knowledge 
necessary  to  understand  them.  Typically,  students  and 
teachers  do  not  have  experience  an^yzing  problems  on  an 
ecosystem  or  biosphere  scale.  MTPE’s  scientific  studies 
hold  great  potential  to  enhance,  enrich,  and  extend  the  K- 
12  science  and  mathematics  curricula. 

The  NASA  Classroom  of  the  Future  at  Wheeling 
Jesuit  College,  in  cooperation  with  NASA  Headquarters 
Education  and  MTPE  program  personnel,  is  planning  and 
field  testing  a  World  Wide  Web-based  teacher  training 
program  to  provide  middle  school  teachers  from  across 
the  United  States  with  the  skills,  knowledge,  and 
materials  necessary  to  understand  and  teach  their  students 
about  Earth  Systems  Science  and  NASA’s  MTPE 
research  efforts. 

This  effort  includes  course  development,  development 
of  a  WWW-based  VRML  interface,  field  testing  of  these 
materials,  and  dissemination  to  NASA-funded  Space 
Grant  Consortium  for  regional  implementation.  If 
successful,  it  is  anticipated  that  the  COTF  will,  in 
subsequent  years,  develop  similar  on-line  courses  for 
elementary  and  high  school  teachers. 

The  use  of  VRML  and  the  World  Wide  Web,  will 
place  this  project  at  the  forefront  of  on-line  teacher 
training  initiatives. 

Dr.  Robert  Tinker  and  Dr.  Sarah  Haavind,  in  a  recent 
paper  [1],  describe  the  results  of  a  study  of  the  current 
state  of  the  art  in  on-line  course  development.  In  the 
paper,  they  identify  “common  elements”  of  such  courses: 

The  majority  of  netcourses  studied  utilized 
conferencing  software  or  bulletin  boards  for  the 
instructional  part  of  the  course.  Some  required  up  to 
four  face-to-face  meetings  with  the  whole  class  so 
participants  can  “know”  who  their  on-line  colleagues 
are,  other  courses  are  marketed  nationally,  even 
internationally,  and  face-to-face  meetings  are  not 
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possible,  with  the  exception  of  occasional  subgroups 
who  sign  up  together  and  build  in  local  meetings. 
Some  courses  are  augmented  by  a  media  package  of 
materials  up-front  that  include  such  resources  as 
videotapes,  software,  or  information  on  disk,  as  well  as 
the  traditional  photocopied  set  of  readings.  The 
courses  we  reviewed  varied  widely  in  the  level  of 
structure,  but  all  synchronized  student  activity  by 
having  topics  that  changed  weekly,  (p.  16) 

After  exploring  the  strengths  and  weakness  of  current 
efforts  in  this  area,  they  noted  that  current 
implementations  were  technically  limited  for  a  variety  of 
reasons  and  concluded,  “The  World  Wide  Web  will 
become  the  technology  of  choice  for  netcourses  because 
of  its  universality  and  openness”  (p.  30). 

We  will  use  WWW  technology  for  the  Earth  Systems 
Science  course  under  development,  but  to  go  a  step 
further  than  that  under  current  consideration  by 
developers.  We  propose  to  use  Virtual  Reality  Mark-up 
Language  (VRML)  to  build  an  interactive  learning 
environment  for  use  by  class  members  and  instructors. 
(For  more  information  about  VRML,  see  the  Chronicle 
of  Higher  Education,  February  23, 1996,  p.  A21  or  visit 
the  San  Diego  Supercomputer  Center’s  WWW  site  at 
http://www.sdsc.edu/vrml/-)  Such  an  environment  will, 
allow  participants  to  explore  virtual  settings  and  interact 
with  embedded  tools  and  resources. 


Curriculum  Development 

This  project  will  develop  the  on-line  materials  for 
teacher  training  but  will  not  develop  K-12  classroom 
curriculum  materials.  Instead,  the  project  will  identify 
and  incorporate  existing  K-12  classroom  Earth  System 
Science  curriculum  materials.  NASA  personnel  have 
developed  MTPE  materials  that  can  be  used  in  teacher 
training  and  by  teachers  in  their  classrooms.  Many 
other  federally-funded  programs  are  developing  Earth 
Systems  Science  materials  for  use  in  K-12  classrooms. 
For  example.  Project  GLOBE  has  developed  a  nationwide 
program  to  prepare  teachers  to  teach  Earth  Systems 
Science  and  a  special  opportunity  exists  to  collaborate 
with  the  NASA  HPCC-funded  “Exploring  the 
Environment”  (ETE)  project  at  the  COTF.  ETE  is 
developing  a  WWW  site  that  contains  Earth  System 
Science  investigations  which  can  be  incorporated  into  the 
MTPE  curriculum  (http://www.cotf.edu/ETE/). 


Planning  Team 

This  spring,  the  COTF  is  bringing  together  a  course 
development  team  consisting  of  representatives  from 
NASA  Headquarters  (MTPE  and  Education  Division), 
COTF,  Space  Grant  Consortia,  a  VRML  software 
developer  Earth  System  scientists,  and  middle  school 
science  teachers.  The  group  will  meet  at  the  COTF  for 


three  days  to  develop  the  outline  for  the  course, 
supporting  materials  and  the  virtual  environment.  Once 
this  meeting  is  completed,  development  will  continue 
with  the  participants  collaborating  using  the  Internet  as 
the  medium  for  communications.  The  materials  will  be 
ready  for  field  testing  in  the  winter  of  1996-97. 


COURSE  DESCRIPTION 

The  content  of  the  class  will  be  Earth  Systems 
Science,  appropriate  for  middle  school  teachers  and 
students,  as  well  as  an  introduction  to  curriculum 
materials  developed  by  NASA  and  other  federal  agencies 
for  use  in  middle  school  science  classes.  The  class  will 
be  delivered  on-line,  making  use  of  WWW  technology, 
including  VRML  to  enable  multimedia  and  virtual 
environments  to  be  part  of  the  educational  experience. 
The  project  will  do  preliminary  work  developing 
interactive  environments  that  enable  participants  to 
“enter”  a  virtual  environment  and  interact  with  other 
participiants  as  well  as  embedded  tools  and  resources. 

Each  participant  in  the  class  will  receive  a  class  "kit” 
that  will  contain  materials  such  as  print  media,  software, 
manipulatives,  videotape,  and  curriculum  materials  from 
MTPE,  GLOBE,  and  other  federally-funded  Earth 
System  Science  projects. 

The  class  will  be  taught  by  an  Earth  System  scientist 
and  middle  school  science  teacher,  both  of  whom  will 
help  in  its  development.  The  class  will  be  held  on-line, 
with  group  problem  solving,  discussion,  and  peer 
support  central  to  the  activities.  Original  videotape  in 
support  of  the  curriculum  will  be  developed  as  well. 

The  on-line  course  materials  will  be  field  tested  by  40 
middle  school  science  teachers  across  the  country  during 
the  winter  ‘96-’97.  Participants  in  the  field  test  will 
receive  the  course,  course  kit  of  materials,  and  two 
continuing  education  credits  for  participation.  In 
addition,  these  individuals  will  attend  a  two-day 
workshop  at  the  COTF  during  the  fall  of  1996  to  receive 
instruction  related  to  data  collection  and  materials  use 
during  the  field  test. 

COTF  will  make  the  class  available  to  Space  Grant 
Consortia  colleges  and  universities  to  install  on  local 
Internet  servers.  By  doing  so,  it  will  be  possible  for 
participating  Space  Grant  Consortia  members  to  offer  it 
to  teachers  in  their  geographic  region. 

This  approach-regional  dissemination  and  delivery- 
may  seem  counterintuitive  due  to  the  Internet’s  ability  to 
deliver  the  course  anywhere.  However,  such  an  approach 
will  help  address  two  critical  issues-scalability  (How 
does  one  mentor  50,000  teachers  on-line?)  and  degree 
bearing  credit  (each  participating  institution  will  award 
credit  to  its  participants).  It  is  also  anticipated  that 
because  of  this  approach,  participating  institutions  will 
also  be  able  to  modify  the  course  to  meet  local  needs, 
integrating  it  into  existing  efforts. 
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RESEARCH  AND  EVALUATION 

Both  formative  and  summative  evaluation  will  be  an 
integral  part  of  the  project,  with  a  formal  research  agenda 
developed  as  part  of  the  program  that  will  further  the 
COTF’s  research  mission.  Dr.  Steven  McGee,  COTF 
Educational  Research,  will  be  part  of  the  development 
team  from  the  inception  of  the  project 

As  mentioned  earlier,  the  on-line  course  will  be  piloted 
in  the  fall  of  1996  with  40  teachers  across  the  country 
being  recruited  to  participate  in  the  field  test  and  being 
awarded  2  CEUs  for  their  efforts. 

Each  participants’  interactions  with  the  course 
materials  on  the  Web  site  and  with  the  instructors  and 
each  other  will  be  monitored  and  analyzed.  Participants 
in  the  field  test  will  be  required  to  participate  in  an  on¬ 
going  dialog  about  the  effectiveness  of  both  the  on-line 
course  materials  and  discussions  as  well  as  the  classroom 
science  activities  and  materials  implemented  as  part  of 
the  course  requisites. 


COTF  DEVELOPMENT  TEAM 
Craig  Blurton,  Ph.D. 

Dr.  Blurton,  Associate  Director  of  the  NASA 
Classroom  of  the  Future,  will  serve  as  principal 
investigator  for  this  project.  Dr.  Blurton’s  duties  will 
include  coordinating  Ae  work  of  the  various  participants, 
arranging  and  facilitating  meetings,  managing  the  field 
test  of  the  on-line  course,  and  as  science  education 
advisor  to  the  development  team. 

Stuart  Ullman,  Ph.D. 

Dr.  Ullman  will  serve  as  co-principal  investigator  and 
computer  scientist  on  the  project,  responsible  for  the 
development  of  the  Virtual  Reality  Mark-up  Language 
(VRML)  environment  which  will  be  created  for  use  on 
the  COTF  web  site.  Dr.  Ullman’s  current  position  at 
Carderock  Division,  Naval  Surface  Warfare  Center  in 
Maryland  is  as  computer  scientist  and  operations  research 
analyst  for  the  Methodology  and  Computation  Branch, 
Operations  Research  Department. 

Dr.  Steven  McGee 

Dr.  Steven  McGee,  COTF  Educational  Research,  will 
serve  as  program  evaluator  and  researcher.  Dr.  McGee 
will  be  responsible  for  developing  the  project’s  research 
design.  Dr.  McGee’s  work  will  capture  lessons  learned 
both  during  the  development  process  and  the  field  test 

Mr.  Bruce  Rosen 

Mr.  Bruce  Rosen,  Computer  Support  Analyst  at  the 
COTF,  will  serve  as  “Webmaster”  for  the  duration  of  the 


project,  assisting  in  the  development  of  the  VRML 
interface,  installing  and  testing  software,  and  maintaining 
the  system  during  the  field  test.  Mr.  Rosen  has  a 
Bachelors  of  Science  in  Computer  Science  with  a  minor 
in  mathematics  and  cunently  is  developing  the  COTF 
web  site  and  manages  the  COTF  Internet  server. 

Other  Team  Members 

As  of  this  writing,  other  members  of  the  development 
team  can  only  be  identified  by  role.  Specific  individuals 
will  be  selected  to  fill  these  positions  in  consultation 
with  NASA  Headquarters  personnel  from  Education, 
MTPE,  and  Space  Grant. 

Earth  System  Scientists-  These  individuals  will 
provide  the  content  expertise  to  the  group.  One  of  these 
individuals  will  serve  as  the  on-line  course  instructor 
during  the  field  test  of  the  course  materials. 

Middle  School  Earth  Science  Teachers-  These 
individuals,  selected  because  of  leadership  in  the  field  of 
Earth  Science  as  well  as  exemplary  teaching  skills  and  an 
understanding  of  the  National  Science  Education 
Standards,  will  assist  with  the  development  of  the  on-line 
instructional  content  and  serve  as  on-line  mentors  during 
the  field  test  of  the  course  r  terials. 

NASA  Headquarters  Personnel  -  At  least  one  NASA 
Headquarters  staff  from  MTPE,  Education,  and  Space 
Grant  will  be  invited  to  participate  in  the  development 
process.  Staff  participation  will  ensure  that  the  project 
developed  meets  NASA’s  education  goals  and  is  well 
connected  to  NASA  human  and  material  resources. 

Space  Grant  Consortium  Representatives  -  One  or  two 
representatives  from  colleges  and  universities  that  are 
members  of  NASA  Space  Grant  Consortium  will 
participate  in  the  development  process.  Their  inclusion 
will  ensure  that  the  project  staff  are  informed  about 
existing  Space  Grant  resources  and  activities  related  to 
teacher  training  in  Earth  System  Science  and  that  the 
materials  developed  will  be  such  that  they  can  be 
integrated  into  Space  Grant  Consortium  activities  once 
development  and  field  testing  are  completed. 

CONCLUSION 

Making  use  of  high  performance  computing  and 
communications  technologies,  the  COTF,  in 
collaboration  with  NASA  personnel,  is  designing, 
producing,  and  delivering  a  high  quality  on-line  Earth 
System  Science  course  to  educators  across  the  United 
States  making  use  of  cutting  edge  technologies  in 
support  of  NASA’s  Mission  to  Planet  Earth. 

[1]  R.  Tinker  and  S.  Haavind,  “Netcourses  and 
netseminars:  current  practice  and  new  designs,”  in  press. 
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INTRODUCTION 

Generally  speaking,  ’Think  globally,  act  locally"  is  one  of 
the  most  important  element  in  environmental  education. 
More  and  more  middle  schools  in  Japan  start  activities  to 
learn  environmental  changes  in  their  resident  area,  like 
measuring  polluting  matters  in  their  near  river,  but  it  is 
difficult  for  teachers  to  find  materials  to  organize 
environmental  program  to  relate  local  changes  with  global 
environmental  issues  such  as  green  house  effects. 

Earth  observation  satellites  proved  us  vast  area  information 
about  what's  going  on  earth  surface.  Earth  observation 
satellite  data  might  contribute  to  environmental  education  in 
the  aspect  of  "Think  globally." 

In  this  view.  National  Space  Development  Agency  of 
Japan(NASDA)  begins  the  program  that  offers  satellite  date 
and  its  application  to  environmental  education  in  schools. 


PROGRAM  SCOPE 

The  primary  goals  of  the  NASDA's  environmental 
education  program  are 

(1)  to  encourage  understanding  of  global  environmental 
changes; 

(2)  to  familiarize  results  of  earth  observation  activities; 

(3)  to  explore  potential  earth  observation  satellite  data  users 
in  schools;and 

(4)  to  contribute  to  other  domestic/international 
environmental  education  program. 

The  approach  that  we  designed  for  this  program  includes 
the  following  elements; 

(1)  a  focus  on  junior  and  senior  high  school  students  and 
teachers; 

(2)  development  of  instructional  material  for  environmental 
education; 

(3)  use  of  computer  technology; and 

(4)  cooperation  with  other  educational  organization 

NASDA's  long-term  program  involves; 

(1) conducting  requirement  survey; 

(2) designing  and  developing  educational  courseware 

(text,  CD-ROM,  sample  data-set  and  curriculum); 

(3) conducting  pilot  seminar  and  test  courseware;and 

(4) evaluating  the  program,  to  make  improvements  and 
asses  its  responsiveness  to  education  requirement. 
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Fig.  1,  Structure  of  multimedia  CD-ROM 


CD-ROM 

According  to  our  survey  conducted  in  1994,  more  than  90% 
junior  and  senior  high  schools  in  Japan  have  personal 
computers.  Interactive  multimedia  can  contain  various  kinds 
of  datasourses  such  as  satellite  images,  motion  video  and 
socio-economic  statistics,  and  teachers  and  students  can 
manipulate  these  data  to  meet  their  own  needs.  NASDA 
developed  multimedia  CO-ROM  as  a  prototype  educational 
tools  to  initiate  teachers  to  organize  their  original  class  by 
using  earth  observation  satellite  data  as  one  of  materials. 

This  CD-ROM  titled  "The  changes  of  earth  environment" 
consists  of  5  components  .(shown  in  Fig.  1,) 

(1) vegetation  map  -  World  vegetation  map. 

Deforestation  of  Amazon,  urbanization  of  Tokyo. 

(2) geological  dynamism  -  Volcanic  activities  such  as 
Mt.  Pinatubo  and  Mt.Unzen,  Earthquake 

(3) ocean  environment  -  seasonal  changes  of  sea  surface 
temperature,  water  pollution, 

(4) night  earth  -  night  earth  looking  from  space,  energy 
consumption, 

(5) message  from  astronaut  -  video  message  of  Japanese 
astronaut. 

Each  part  includes  text,  sound,  graphs,  pictures,  statistics 
well  as  Earth  observation  satellite  data.  User  can  operate  this 
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CD-ROM  only  by  mouse  clicks,  so  it  is  easy  to  treat  even 
for  beginner  of  computer. 

PILOT  SEMINAR 

We  tested  our  newly  developed  educational  courseware  on  a 
one  day  pilot  seminar  held  by  Ministry  of  education  and 
Tokyo  gauge  university.  About  100  junior  or  senior  high 
school  teachers  engaged  in  environmental  education 
participated  form  all  over  the  country.  The  seminar  consists 
of  lecture  about  Earth  Observation  Satellite  date,  computer 
training,  and  an  internet  demonstration.  We  distributed  text 
and  CD-ROM  to  all  participants. 


Most  of  teachers  had  strong  interest  about  using  satellite 
images  for  environmental  education.  They  gave  highest 
evaluation  to  CD-ROM.  We  expected  that  internet  was 
effective  communication  tool,  but  investigation  on 
participants  shoed  that  many  teachers  are  not  familiar  with 
computer  networks. 

THE  FUTURE 

NASDA  will  continue  to  develop  the  courseware,  to  have  a 
seminar,  and  to  improve  the  environmental  education 
program.  In  the  future,  we  try  to  use  various  communication 
options  and  international  cooperation. 
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INTRODUCTION 

Imagery  generated  from  international  remote  sensing 
satellites  provide  real  time  data  for  monitoring  global 
natural  resources  and  other  atmospheric  and  environmental 
phenomena.  These  images  present  interdisciplinary 
opportunities  for  students  and  teachers  to  examine  and 
study  Planet  Earth  on  a  local  to  global  scale,  and  opens  a 
new  chapter  in  the  field  of  environmental  interpretation. 

RATIONALE 

In  1983  an  advisory  council  of  NASA  established  an  Earth 
Systems  Sciences  Committee  to  review  the  science  of  Earth 
as  an  integrated  system  of  interacting  components.  The 
stated  goal  of  Earth  Systems  Science  is  to  "obtain  a  scientific 
understanding  of  the  entire  Earth  System  on  a  global  scale 
by  describing  how  its  component  parts  and  their  interactions 
have  evolved,  how  they  function,  and  how  they  may  be 
expected  to  continue  to  ev'olve  on  all  time  scales."  In  1990 
the  U.S.  Congress  adopted  the  Global  Change  Research  Act. 
The  U.S.  Global  Change  Research  Program  was  established 
"aimed  at  understanding  and  responding  to  global  change, 
including  the  cumulative  effects  of  human  activities  and 
natural  processes  on  the  environment ..." 

The  education  component  of  this  program  has  identified  the 
following  objectives: 

•  Involve  public  and  institutional  decision  makers  in 
program  plaiming  and  examination  of  policies  and 
options 

•  Expand  public  awareness  of  global  change,  including 
awareness  of  the  prominent  issues,  their  scientific 
complexity,  and  research  needed  for  predicting 
consequences  and  evaluating  national  and  international 
policy  options  for  responding 

•  Train  future  scientists,  engineers,  and  educators  by 
promoting  understanding  among  educators  and  decision 
makers  of  the  multidisciplinaiy  nature  of  global  change 

Early  “Mission  to  Planet  Earth”  documents  did  not  include 
the  K-12  curriculum  as  a  potential  user.  Recently,  the 
document  "Public  Use  of  Earth  and  Space  Science  Data  over 


the  Internet"  (NASA  94)  which  was  a  solicitation  to 
"stimulate  broad  public  use,  via  the  Internet,  of  very  large 
remote  sensing  databases  maintained  by  NASA  and  other 
agencies.  The  potential  applications  of  remote  sensing 
databases,  and  areas  of  interest  include:  atmospheric, 
oceanic,  and  land  monitoring;  publishing;  agriculture; 
forestiy;  transportation;  aquaculture;  mineral  exploration; 
land-use  planning;  libraries;  cartography;  education 
{especially  K-12);  entertainment;  environmental  hazards 
monitoring;  and  space  science  data  applications"  (CAN-OA- 
94-1,  NASA,  94).  More  recently,  NASA  issued  a  research 
announcement  for  "opportunities  to  participate  in  NASA 
Mission  to  Planet  Earth  and  Earth  Observing  System  Science 
and  Education  Programs  (NRA-95-MTPE-03).  The 
objective  of  the  announcement  in  Science  Education  is  for 
investigators  to  become  actively  involved  with  local  schools 
and/or  undergraduate  colleges;  as  well  as  appropriate  public 
educational  institutions.  The  purpose  is  to  provide 
educational  opportunities  and/or  materials  that  promote 
general  scientific  literacy,  especially  with  respect  to  the 
understanding  of  the  Earth  as  an  integrated,  djiiamic  system. 
These  programs  are  representative  of  the  future  impact  of 
dialog  between  teachers,  students,  schools,  and  scientists  in 
science  education. 

A  SHIFT  IN  THE  PARADIGM 

Three  distinct  educational  disciplines  have  been  evolving 
somewhat  independently  over  the  past  three  decades. 
Science  Education,  Technology  Education,  and 
Environmental  Education  have  the  opportunity  to  xmite  their 
common  educational  goals  and  objectives  and  embark  in  a 
new  direction  leading  education  towards  the  classroom  of  the 
21st  Century,  a  classroom  where  students  practice  real 
science,  using  real  data,  in  real  time,  and  the  opportunity  to 
interact  with  international  scientists  representing  an  array  of 
agencies  and  organizations.  Development  of  critical 
thinking  skills,  collaborative  project  based,  cooperative  and 
hands-on  learning  utilizing  the  power  of  technology,  when 
applied  to  real  world  applications,  can  lead  to  improvement 
in  math,  geography,  as  well  as  other  academic  disciplines. 
Environmental  Education  has  long  been  established  as 
interdisciplinary.  With  the  rapidly  increasing  availability 
and  access  to  the  Internet  by  the  K-12  educational 
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community,  coupled  with  the  incredible  explosion  of  data, 
information,  imagery,  and  visualizations,  students  and 
teachers  have  a  unique  opportunity  to  reform  much  of  what 
is  taught,  and  certainly  how  it  is  taught.  Many  organizations 
have  already  developed  on-line  curricula  in  support  of  use  of 
the  data/images.  Educational  applications  has  a  brief  history, 
less  than  a  decade.  In  K-12  education,  those  working  to 
incorporate  these  resources  collaborated  to  bring  about  a 
rapid  evolution,  namely,  determining  how  to  capture  satellite 
imagery  and  real  time  data  in  the  classroom,  interpretation 
of  images,  how  to  generate  funds  and  support  for  new 
programs,  how  to  share  this  resource  with  other  educators,  to 
writing  curriculum  that  supports  the  use  of  the  technology 
and  its  products. 

National  science  standards  have  been  published.  An  Earth 
Systems  Science  approach  to  science  education  models 
current  science  research.  Part  of  the  educational  agenda  is  to 
address  the  need  for  future  generations  to  move  into  the 
scientific  research  community.  As  students  develop 
proficiency  in  the  identification,  acquisition  and  applications 
of  available  real  time  data,  student  initiated  research  can 
begin.  In  the  process,  students  have  exposure  to  real  issues, 
and  real  applications,  factors  that  have  been  identified  in 
science  education  research  as  improxang  student  interest  and 
performance.  Ground  truth  verification  of  satellite  data  is  an 
essential  component  of  data  reliability,  and  therefore, 
students  from  around  the  planet  may  have  the  opportunity  to 
contribute  to  the  process. 

SATELLITE  IMAGERY  AND  DIRECT  READOUT 
DATA 

Students  can  today  utilize  NOAA  weather  satellite  data  and 
experience  the  following  practical  applications  of  science 
concepts  and  principles  which  include  but  are  not  limited  to; 

•  Dex'elop  a  knowledge  and  understanding  of 
environmental  satellites,  the!*  operation,  and  application 
of  data 

•  Application  of  satellite  images  as  they  apply  to:  weather 
forecasting,  identification  of  land  masses,  location  of 
geographical  areas  via  coordinates,  tracking  weather 
phenomena,  and  developing  forecasting  skills  from  a 
visual  data  base 

•  Develop  a  knowledge  and  understanding  of  global 
conditions  and  how  emdronmental  factors  such  as 
weather  are  globally  interconnected 

•  Develop  and  conduct  individual  research  projects  using 
data  and/or  the  technology  to  expand  student 
experiences  in  the  areas  of  Meteorology  and/or  the  use 
of  technology 


•  Acts  as  a  demonstration  project  to  encourage  and 
dev'elop  interest  by  xvomen  and  other  minorities  in  the 
study  of  environmental  sciences. 

GEOGRAPHIC  INFORMATION  SYSTEMS  (GIS) 

GIS  applications  have  advanced  considerably  in  the  past 
two  years.  Once  viewed  as  a  domain  of  researchers  and 
highly  experienced  professionals  in  the  field,  today  it  is 
available  to  the  K-12  community.  Arc  View  2.0  is  a 
complete  GIS  system.  Educational  applications  identified  in 
the  science  curriculum  include: 

•  Expand  analyses  of  environmental  relationships  by 
displaying  the  micro  and  macro  systems  as  they  occur 

•  Expand  local  environmental  analyses  by  seeking  similar 
patterns  in  other  places 

•  Study  the  impact  on  visible  patterns  altering  the 
electromagnetic  radiation  received  in  satellite  imagery 

•  Overlay  satellite  imagery  with  ground  mapping  to 
examine  the  impact  of  environmental  characteristics  on 
people  and  vice  versa. 

Through  incorporating  local,  state,  and  regional  data  bases 
into  classroom  studies,  students  have  the  ability  to  utilize 
real  data  associated  with  real  life  studies  including  “natural 
resource  management,  emironmental  assessment,  business 
and  marketing  operations,  urban  planning,  utilities  planning 
and  operations,  forestry  and  a  variety  of  other  geosciences,” 
in  the  classroom. 

AMS  DATASTREME  PROJECT 

During  the  1993-94  school  year,  a  pilot  study  of  the 
American  Meteorological  Society’s  Project  Atmosphere, 
designed  to  "investigate  the  educational  potential  of  real¬ 
time  scientific  data  for  use  across  the  curriculum  K-12  was 
implemented.  The  objectives  w’ere  as  follows: 

•  The  determination  of  the  technical  and  economic 
feasibility  of  delivering  a  real-time  meteorological  data 
stream  to  schools  across  the  country  at  no  additional 
recurring  costs  to  schools 

•  The  investigation  of  the  educational  potential  of  using 
real-time  scientific  data  in  school  learning  environment 
through  the  development,  implementation,  and 
evaluation  of  prototj-pical  instructional  strategies  and 
materials 

•  The  preliminary  identification  and  teaching  of 
understandings  and  skills  employed  in  the  processing, 
analysis,  evaluation,  application,  and  interpretation  of  a 
continuous  data  stream  to  seek  answers,  trends  and 
predications. 
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National  Science  Foundation  funding  has  been  received  for 
implementation  of  The  DataStreme  Project  that  will  develop 
and  deliver  a  distance-learning  course  for  teachers  based  on 
the  current  meteorological  data  stream. 

THE  GLOBE  PROGRAM 

The  GLOBE  Program  (Global  Learning  and  Observations 
to  Benefit  the  Environment),  first  introduced  by  Vice 
President  A1  Gore  on  April  22,  1994  (Earth  Day),  links 
students  worldwide  in  an  effort  to  monitor  changes  in  the 
world's  environment.  GLOBE  is  an  international  science 
and  education  program  that  creates  a  partnership  between 
students,  teachers,  and  the  scientific  research  community 
that  actively  involves  the  students  in  data  collection  and 
observation.  Participating  scientists  will  use  these  data  in 
their  research  programs  to  improve  our  understanding  of  the 
global  environment.  The  objectives  of  GLOBE  are  to: 

•  Enhance  the  emironmental  awareness  of  indi\iduals 
throughout  the  world 

•  Enable  students  to  make  environmental  obser\^ations 
that  will  contribute  to  improving  our  understanding  of 
planet  Earth 

•  Give  students  the  opportunity  to  work  with  respected 
scientists,  collaborating  through  a  worldwide  network 

•  Involve  students,  teachers,  and  scientists  in  sharing 
information  about  the  global  environment 

•  Eiurich  and  supplement  existing  curricula  in  science  and 
mathematics 

•  Support  higher  student  achievement  in  science, 
mathematics,  and  technology. 

GLOBE  surface  based  obser\^ations  of  many  environmental 
parameters  will  prove  helpful  in  satellite  remote  sensing 
studies.  Measurements  from  space  can  be  calibrated  with 
respect  to  Aground  truths 

LEARNING  THROUGH  COLLABORATIVE 
VISUALIZATION  (CoVIS) 

The  CoVis  Project  (Northwestern  University)  is  attempting 
to  transform  science  learning  to  better  resemble  the 
authentic  practice  of  science.  'The  CoVis  project  will 
explore  issues  of  scaling,  diversity,  and  sustainability  as  they 
relate  to  the  use  of  networking  technologies  to  enable 
students  to  work  in  collaboration  with  remote  students, 
teachers,  and  scientists."  Participating  students  and  teachers 
will  study  atmospheric  and  environmental  sciences  through 
inquiry-based  activities.  The  CoVis  Project  "provides 
students  with  a  range  of  collaboration  tools  which  include: 

•  desktop  video  conferencing 


•  shared  software  environments  for  remote/  real  time 
collaboration 

•  access  resources  of  the  internet 

•  a  multimedia  scientist's  notebook 

•  scientific  visualization  software. 

SUMMARY 

In  order  to  understand  global  change  and  the  demands  on 
human  activity,  the  science  community  is  documenting 
global  environmental  systems  so  we  can  belter  comprehend 
how  the  Earth  works  as  a  system.  The  science  education 
community  can  likewise  respond  by  encouraging  students  to 
begin  use  the  data  and  technology  in  the  classroom  that  will 
prepare  them  to  transition  into  the  rapidly  emerging 
professions  of  the  21st  Century.  An  Earth  Systems  approach 
applies  environmental  systems  principles  to  the  traditional 
Earth  Science,  Biology,  Chemistry,  and  Physics  core 
proficiencies,  and  more  importantly  pro^ides  the  structure, 
or  focus  of  instruction.  The  Earth  Systems  Science 
Approach  is  science  for  the  99%.  The  Earth  Systems  Science 
approach  to  environmental  /science  education  will  model 
and  teach  skill  proficiencies  that  represent  science  and 
research.  Equally  as  important,  the  Earth  Systems  approach 
will  develop  interest  and  prepare  students  for  careers  in  the 
science,  technology,  and  environmental  fields,  while 
fostering  an  environmentally  literate  and  conscious  society 
leading  tow'ards  belter  local  and  global  decision  makers. 
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As  remote-sensing  specialists,  we  all  use  images  and 
visualizations  as  the  life-blood  of  our  work.  We 
receive  data  in  the  form  of  images,  we  use  software  to 
manipulate  images,  we  cross-reference  among  images, 
and  we  use  images  to  communicate  our  findings.  And 
yet,  how  well  do  we  understand  the  cognitive  and 
perceptual  issues  which  make  our  images  more  or  less 
effective?  These  cognitive  issues  become  all  the  more 
important  when  we  try  to  use  images  to  convey 
essential  concepts  to  the  general  public,  and  when  we 
promote  the  use  of  images  in  education. 

Such  cognitive  and  perceptual  issues  are  the  focus  of 
"Visualizing  Earth,"  an  educational  research  project 
funded  by  the  National  Science  Foundation, 
Applications  of  Advanced  Technology  program. 
"Visualizing  Earth"  combines  the  expertise  of 
educators,  remote-sensing  scientists  and  cognitive 
psychologists,  to  explore  cognitive  issues  which  are 
central  to  more  effective  use  of  remote-sensed  images 
and  visualization  software  tools  in  education.  In  this 
paper,  two  of  the  Principal  Investigators,  a  scientist 
and  an  educator,  share  their  initial  findings  in 
relation  to  their  efforts  to  use  images  in  education  and 
public  information. 

I.  THE  EDUCATOR'S  PERSPECTIVE 

Daniel  Barstow  is  a  senior  curriculum  developer  at 
TERC,  a  non-profit  educational  research  and 
development  company.  He  is  Principal  Investigator 
for  a  group  of  projects  designed  to  promote  more 
effective  use  of  remote-sensed  images  and 
visualization  software  in  education,  including 
Visualizing  Earth,  GLOBE  education  element.  Mars 
Exploration  Education  Program,  and  Mapping  Our 
City.  He  is  also  on  the  Core  Curriculum  Development 
Team  for  KidSat. 


When  atmospheric  scientists  look  at  this  satellite 
image  of  Earth,  they  see  patterns  of  clouds  which  are 
indicators  of  broad  weather  systems  on  Earth.  They 
see  the  Intertropical  Convergence  Zone,  with  its  band 
of  equatorial  cumulonimbus  clouds.  They  see  mid¬ 
latitude  storm  systems,  as  cold  polar  air  masses 
interface  with  warm  tropical  air  masses.  They  see 
climatic  variations,  such  as  the  clear  skies  over  parts 
of  Mexico  and  the  broad  areas  of  stratus  clouds  over 
South  American  rain  forests. 

When  elementary  school  students  look  at  the  same 
image,  they  wonder  whether  the  white  areas  are  snow 
or  clouds.  They  try  to  see  their  home  and  school.  They 
wonder  why  the  oceans  are  gray  instead  of  blue.  They 
see  a  group  of  clouds  that  look  like  a  dragon.  And  they 
think  about  being  an  astronaut  so  they  could  see  Earth 
from  space.  Clearly,  students  and  scientists  see  images 
differently,  based  on  substantive  differences  in  their 
background  and  cognitive  development. 

As  we  develop  education  and  public  outreach 
programs,  it  is  crucial  for  us  to  understand  these 
differences.  What  is  obvious  to  scientists,  as  they  look 
at  images,  is  based,  in  fact,  on  years  of  experience  and 
research.  In  the  case  of  meteorologists,  it  is  based  on 
learning  about  the  signatures  of  certain  weather 
patterns,  on  experience  comparing  visible  satellite 
images  with  ground-based  Doppler  radar,  on  having 
seen  numerous  sequences  of  hourly  GOES  images  to 
know  how  storms  move  and  change  over  time.  With 
this  background,  a  glance  at  a  single  image  evokes  a 
rich  set  of  associations  and  background,  enabling  the 
scientist  to  find  deep  meaning  in  the  image.  Most 
students  have  neither  the  experience  nor  (in  the  case  of 
elementary  school  students)  the  cognitive  maturity  to 
find  such  meaning  in  the  same  images. 
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Fig.  1,  Full-disk  visible  light  image  of  Earth  from  the  GOES-8  (Geostationary  Orbital  Environmental  Satellite) 
weather  satellite 


We  are  still  in  early  stages  of  our  "Visualizing 
Earth"  cognitive  research.  However,  it  is  clear  that 
effective  educational  use  of  remote-sensed  images  must 
go  beyond  simply  making  the  images  available  on  the 
World  Wide  Web.  Access  is  only  one  part  of  the 
equation.  We  (as  scientists  and  educators)  also  must 
provide: 

1.  educational  materials  which  help  students 
t  evelop  the  skills  and  knowledge  base  to  use  these 
in  '>ges 

2.  opportunities  for  students  to  pursue  their  own 
image-based  investigations,  enabling  them  to  do  the 
same  kind  of  inquiry  and  exploration  that  scientists  do 


GLOBE  is  one  example  of  a  project  that  is  striving  to 
implement  these  goals.  Conceived  and  initiated  by 
Vice  President  A1  Gore,  the  program  engages  students 
and  scientists,  working  together,  in  environmental 
research.  Using  carefully  designed  protocols,  students 
in  thousands  of  schools  around  the  world  do  local 
environmental  observations,  such  as  daily  weather, 
which  they  submit  to  a  central  data  base.  The 
scientists  use  these  data  for  their  own  research,  and 
the  students  use  the  data  for  investigations-based 
learning.  In  addition,  through  GLOBE's  web-page,  the 
students  have  direct  access  to  GOES  and  other  remote- 
sensed  images. 
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GLOBE  had  to  go  through  a  paradigm  shift  in  its 
design.  The  original  concept  was  that  the  scientists 
would  use  the  data  in  their  research,  then  create  a 
"visualization"  such  as  a  map  with  the  relevant  data, 
which  would  clearly  communicate  the  findings  to  the 
students.  However,  this  one-way  approach  did  not 
engage  the  students  directly  in  the  data.  The  new 
model  is  that  the  students  will  have  direct  access  to 
the  same  data  as  the  scientists,  and  do  their  own 
investigations.  They  may  not  be  exploring  the  same 
issues  as  the  scientists,  but  their  ability  to  make 
meaning  of  the  science  content  is  greatly  enhanced  by 
their  own  direct  involvement. 


flown  on  the  Space  Shuttle,  and  eventually  on  the 
Space  Station.  This  NASA-funded  project  is  a 
collaboration  of  NASA  JPL,  Johns  Hopkins  University 
Institute  for  the  Academic  Advancement  of  Youth,  and 
UCSD  California  Space  Institute.  The  key 
educational  concept  is  that  students  are  much  more 
engaged  with  their  use  of  remote-sensing  resources 
(such  as  the  KidSat  digital  camera)  if  they  are  an 
integral  part  of  the  process,  including  the  selection  of 
target  sites.  With  KidSat,  students  learn  about  orbital 
paths,  camera  resolution,  telecommunications  and 
image  analysis,  in  the  process  of  conducting  their  own 
investigations  of  volcanoes,  urban  growth,  cloud 


Fig.  2,  Landsat  composite  of  Southern  California  with  epicenters,  from  "Putting  Down  Roots  in  Earthquake 
Country",  published  by  Southern  California  Earthquake  Center 
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IL  THE  SCIENTIST'S  PERSPECTIVE 

Dr.  Eric  Frost  is  Associate  Professor  of  Geological 
Sciences,  and  Director  of  the  Computer  Imaging, 
Visualization  and  Animation  Center  at  San  Diego 
State  University.  He  has  specialized  in  structural 
geology,  remote-sensing  and  plate  tectonics.  In 
California,  he  has  been  actively  involved  in  public 
information  and  safety  programs  relating  to 
earthquakes.  He  is  a  co-Principal  Investigator  on  the 
"Visualizing  Earth"  project. 

Visualization  of  earth  systems,  such  as  plate 
tectonics,  has  significant  implications  for  both 
scientists  and  the  general  public.  For  example, 
understanding  how  and  why  faults  form,  anticipating 
the  effects  of  earth  motion  during  seismic  events,  and 
evaluating  the  overall  seismic  risk  for  homes  or 
businesses  involve  decisions  that  we  all  make.  If 
scientists  and  non-scientists  alike  cannot  visualize  the 
complex,  3-D  relationships  of  geologic  structures,  then 
much  of  the  effort  of  earth  scientists  will  languish  in 
earth  science  journals  without  affecting  society, 
especially  through  education  in  K-16  classrooms. 

By  studying  different  parameters  for  how  people  are 
able  to  effectively  visualize  complex  spatial 
relationships,  we  are  endeavoring  to  provide  a 
framework  of  tools  that  will  assist  others  in  creating 
more  effective  learning  and  teaching  tools.  Some  of 
the  principal  factors  that  we  have  found  that  increase 
most  peoples'  spatial  cognition  include: 

1.  Perspective  views,  such  as  space  shuttle 
photography  provide  orientation  and  relationships. 

2.  Stereoscopic  views,  done  with  colors,  offset 
photos  or  polarized  light  make  visualizations  "real." 


3.  Motion,  especially  to  enhance  change  detection 
or  show  geometries  and  kinematics  with  fly-throughs. 

4.  Colors,  where  the  colors  (IHS)  have  a  genetic 
link  to  attributes  of  the  visualization. 

5.  Virtual  reality.  (QTVR),  creates  illusion  of 
manipulation  and  explorability. 

6.  Non-visible  spectra,  views  of  specialized 
relations  like  IR  and  plants,  radar  and  ice,  sound  and 
reflections. 

7.  Video  and  slow  motion  video,  show  motion  and 
cause-and-effect,  including  using  flicker  for  change. 

8.  Morphing  of  before  and  after  or  of  one  feature 
into  another  to  show  change. 

9.  GIS  of  one  data  set  on  another  to  show 
correlation  of  both  position  and  weighted  value. 

10.  Model  building  and  destruction.  ESP  in 
conjunction  with  other  techniques  such  as  video. 

11.  Temperature  changes,  to  duplicate  changes  in 
spatial  position  within  the  earth  (brittle  to  ductile). 

12.  Spatial  queuing  of  inhomogeneous  cross 
sections. 

To  mimic  temporal  changes  (space  to  time) 
combinations  of  these  different  tools  and  the 
interactive  ability  to  alter  them  and  allow  different 
parameters  to  assist  in  the  earth  visualizations 
produces  strikingly  higher  degrees  of  effective  spatial 
cognition  in  both  scientists  and  non-scientists. 


"Visualizing  Earth"  is  funded  by  the  National  Science  Foundation,  Grant  #  RED-9554504.  All  opinions,  findings, 
conclusions,  and  recommendations  expressed  herein  are  those  of  the  authors  and  do  not  necessarily  reflect  the 
views  of  the  National  Science  Foundation. 
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ABSTRACT 

The  monitoring  of  the  global  environment  will  be  aided  by 
a  nadir-viewing,  optical  quality  window  located  in  the  United 
States  Laboratory  of  the  International  Space  Station  (ISS). 
Through  this  window  Earth  observations  data  of  significant 
scientific  and  educational  value  will  be  acquired  and  made 
available  to  scientists,  educators,  and  the  general  public.  The 
analysis  of  data  from  the  ISS  will  require  the  integration  of 
many  Earth  science  disciplines.  It  is  this  integration  of 
science  in  a  global  context  that  will  make  the  data  a  value 
added  educational  resource  for  students  from  kindergarten  to 
graduate  school.  Educational  technologies  such  as  database 
of  descriptive  information  on  over  200,000  Earth-viewing 
images,  laser  videodiscs  containing  180,000  digital  images, 
World  Wide  Web  Home  Pages  containing  Earth  observations 
information  and  digital  images,  and  35  mm  discipline  slide 
sets  exist  now  and  will  be  improved  for  the  ISS. 


Figure  1.  Full  Earth  view  taken  by  Apollo  17  astronauts. 


INTRODUCTION 

Images  of  the  Earth  from  space  offer  a  unique  global 
perspective  whereby  the  interactions  between  white  clouds, 
blue  oceans,  and  green  and  brown  continents  are  visible  on  a 
broad  scale.  These  images  are  used  to  document  change  over 
time  and  are  especially  illustrative  of  multiple  processes 
effecting  environmental  change  in  many  areas  of  the  world. 
An  Earth  observing  program  will  begin  on  the  ISS  in  early 
1999  with  the  addition  of  an  optical  quality,  nadir  viewing 
window  located  in  the  United  States  Laboratory.  The  global 
perspective  of  environmentally  monitored  sites  allows 
students  and  scientists  to  see  the  effects  of  the  relationship 
between  the  atmosphere,  oceans,  biosphere,  and  solid  Earth. 
Educational  technologies  such  as  databases  and  digital 
images  of  the  Earth,  that  matured  during  the  Space  Shuttle 
Program  will  be  expanded  and  refined  with  the  ISS. 

INTERDISCIPLINARY  EARTH  SYSTEM  SCIENCE  AND 
EARTH- VIEWING  IMAGERY 

Astronaut  photographs  of  the  Earth  are  a  versatile 
classroom  resource  that  can  readily  be  integrated  into  existing 
curricula  from  Kindergarten  to  Graduate  School.  The  body 
of  photography  provides  an  integrated,  global  view  of 
dynamic  Earth  processes  in  geographic  context.  Students  and 
teachers  can  identify  and  measure  changing  shorelines, 
observe  regional  structures  in  mountain  belts,  effects  of 
volcanic  eruptions,  forest  conversion,  changing  sediment 
loads  in  rivers,  smoke  palls,  and  ocean  currents. 
Documentation  of  Earth  observations  in  the  form  of 
photographs  and  electronic  images  also  allows  scientists  and 
students  to  share  in  the  orbital  experience  of  the  astronauts. 

Astronaut  photography  of  the  Earth  has  unique  features  that 
can  complement  data  from  other  sensors  such  as  satellites. 
From  Mercury  to  the  Space  Shuttle  astronauts  have  acquired 
over  200,000  images  of  the  Earth  in  a  time  span  of  over  30 
years.  This  unique  data  set  showing  environmental  change 


0-7803-3068-4/96$5.00©1996  IEEE 


929 


over  time  v^ill  be  expanded  with  the  completion  and 
operation  of  the  International  Space  Station  (ISS). 
Environmental  monitoring  programs  presently  being  applied 
in  the  Space  Shuttle  program  will  be  enhanced  because  of  the 
longer  increment  flights  of  90  days  on  the  ISS,  as  opposed  to 
a  maximum  of  16  days  on  Shuttle.  Piloted  platforms  can 
image  target  sites  from  differing  altitudes  as  well  as  from 
different  look  angles.  The  human  observer  is  the  most 
important  component  of  the  piloted  platform  because  a 
trained  observer  in  space  can  accurately  describe  and 
document  Earth  features  and  phenomena,  assimilate  and 
interpret  what  has  been  observed;  rapidly  select  observational 
sites,  sensor  systems,  and  parameters;  and  modify  planned 
activities  as  needed. 

OPTICAL-QUALITY,  NADIR  VIEWING  WINDOW  IN 

THE  UNITED  STATES  LABORATORY  MODULE  ON 
THE  INTERNATIONAL  SPACE  STATION 

The  current  configuration  of  the  ISS  contains  an  optical- 
quality,  nadir  viewing  window  in  the  United  States 
Laboratory,  Earth- viewing  cupola  windows  in  node  2,  and 
two  windows  in  the  United  States  Habitation  module.  The 
optical-quality  window  is  made  of  fused  silica  with  a  clear 
viewing  aperture  of  50.8  cm  diameter.  Infrared  and 
ultraviolet  images  can  be  acquired  with  the  removal  of  the 
inner  scratch  pane  assembly.  The  United  States  Laboratory  is 
currently  scheduled  for  attachment  to  the  Space  Station  in 
November  1998. 

Situated  above  the  nadir-viewing  window  will  be  a  rack 
facility  that  will  allow  for  attachment  points  for  various 
sensors.  The  rack  will  facilitate  multiple  sensors  where 
viewing  angles  can  be  varied  as  much  as  45  degrees.  Sensors 
currently  planned  to  be  manifested  for  the  ISS  are  Nikon, 
Hasselblad,  Linhof,  and  IMAX  film  cameras,  an  Electronic 
Still  Camera  (ESC,  digital),  and  a  Video  Camcorder. 


U.S.Lab 


Cupola  windows 


Left  side  view, 
Partial  zenith, 
Partial  nadir. 
Partial  rear  view 


Habitation 

Module 


EARTH  OBSERVATIONS  EDUCATIONAL 
TECHNOLOGIES:  FROM  SPACE  SHUTTLE  TO  THE  ISS 

Digitized  images  with  textual  information  are  now  available 
on  several  home  pages  on  the  World  Wide  Web 
and  can  be  accessed  by  students,  educators,  scientists,  and  the 
general  public  by  using  the  following  URL’s: 

Space  Shuttle  Earth  Observations  Project  Database  of 

Photographic  Information  and  Images 

http  ://eol/sseop.  h  tm  I 

Earth  Science  Branch  Home  Page 

http://ersaf.jsc.nasa.gov/sn5.html 

JSC  Imagery  Services  Digital  Image  Collection 

http://images.jsc.nasa.gov/ 

The  Space  Shuttle  Earth  Observations  Projects  (SSEOP) 
textual  database  with  geographic  information  about  each 
Earth-viewing  photograph  taken  by  astronauts  can  be 
accessed  through  the  JSC  Home  Page,  the  Earth  Science 
Home  Page,  or  can  be  accessed  directly  by  telnet, 
telnet  sseop.jsc.nasa.gov 
Username:  PHOTOS 

For  more  information  about  the  SSEOP  textual  database  see 
Nelson,  R.  M.,  K.  J.  Willis,  W.  J.  Daley,  and  F.  R. 

Brumbaugh  [1]  and  Pitts  et  al.  [2]. 

Astronaut  photographs  of  the  Earth  are  also  available  on 
videodisc.  Two  12-inch  laser  videodiscs  contain  over 
150,000  images  of  the  Earth.  Disc  1  contains  the  first  44 
Shuttle  missions  and  can  be  ordered  from  the  Johnson  Space 
Center.  Disc  2  includes  Shuttle  missions  from  1992  to  1993 
as  well  as  some  press  release  images.  Disc  2  is  available 
from  NASA  Central  Operation  of  Resources  for  Education 
(CORE).  For  more  information  about  the  laser  videodiscs 
see  McKay  and  Willis  [3]. 

Astronaut  photographs  of  the  Earth  have  been  made  into 
slide  sets.  Cities  of  the  United  States,  the  Geography  of  the 
United  States,  which  is  divided  into  5  regions:  Pacific  Coast 
States;  Southwest  States  and  Rocky  Mountains;  Great  Plains 
States  and  Mississippi  River  Valley;  Appalachians,  Ohio 
River  Valley,  Great  Lakes;  and  East  Coast  States  are  35  mm 
slide  sets  that  can  ordered  from  CORE.  Each  slide  set 
consists  of  approximately  20  slides  and  comes  with  a  brief 
description  of  each  slide. 

Educational  technologies  will  continue  to  evolve  with  the 
ISS.  Continued  growth  of  the  worldwide  communications 
networks  will  increase  global  access  and  involvement  from 
the  educational  community  with  each  flight  increment  of  the 
ISS. 


Figure  2.  International  Space  Station  window  locations  in 
the  United  States  Laboratory. 
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Figure  4.  The  Mississippi  River  Delta  photographed  by  the 
Figure  3.  The  International  Space  Station  as  it  will  appear  STS-SIC  crew  in  January  1985  (STS5 1C- 143-027). 
when  the  assembly  is  complete. 


CONCLUSION 

Earth  observations  from  human  tended  spacecraft  have 
increased  in  scope  and  complexity,  enhanced  science 
contributions,  and  increased  public  awareness  and 
understanding  of  the  sensitivity  of  the  global  environment. 
This  understanding  of  the  global  environment  will  be  further 
developed  with  the  addition  of  an  optical  quality,  nadir 
viewing  window  from  the  ISS.  A  partnership  between  the 
science  and  education  communities  has  been  cultivated  with 
the  Shuttle  program,  but  will  be  further  developed  and 
expanded  with  the  ISS,  Educational  technologies  that  result 
from  this  partnership  will  benefit  both  communities 
nationally  and  internationally. 
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Figure  5.  Rabaul  volcanic  eruption  plume  on  Papua,  New 
Guinea.  This  photograph  was  taken  by  the  STS-64  crew  in 
September  1994  (STS064-1 16-064). 
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Abstract  —  The  global  sea  ice  covers  can  be  regularly  and 
frequently  monitored  using  satellite  passive  microwave 
sensors.  Recent  studies  using  passive  microwave  have 
detected  significant  decreases  in  Arctic  ice  extent  and  ice  area, 
with  no  significant  changes  in  the  Antarctic.  Here  we 
analyze  microwave  data  through  mid- 1995,  to  identify 
changes  in  ice  extent,  ice  area,  and,  for  the  first  time,  overall 
ice  concentration.  We  find  continued  decreases  in  the  Arctic 
ice  extent  and  ice  area,  and  establish  a  decrease  in  the  ice 
concentration.  We  also  include  a  seasonal  analysis  of  the 
Arctic  trends,  which  establishes  the  greatest  decreases  to  be  in 
summer  and  spring.  The  relatively  large  summer  decreases 
imply  a  reduction  in  the  multi-year  ice  area,  suggesting 
reduced  ice  thickness,  though  observational  data  are  lacking. 

INTRODUCTION 

Global  warming  related  to  increases  in  so-called 
greenhouse  gases  can  be  studied  using  models  and 
observations.  Greenhouse  warming  scenarios  using 
atmospheric  general  circulation  models  (GCMs)  tend  to 
predict  enhanced  warming  in  the  polar  regions,  especially  the 
Arctic  [1],  including  a  marked  retreat  of  the  sea  ice  cover  [2]. 
Some  GCM  results  even  show  the  complete  or  near-complete 
removal  of  the  summer  sea  ice  cover  in  the  Arctic  Ocean  [3]. 
Systematic  observations  of  the  global  sea  ice  covers  may  be 
useful  for  the  early  detection  of  global  climate  change  [4,5]. 

Satellite  passive  microwave  sensors  provide  the  most 
consistent  means  to  monitor  and  estimate  global  sea  ice 
variability.  Algorithms  developed  for  multi-frequency 
microwave  data  can  retrieve  sea  ice  concentration  for  a  given 
pixel,  from  which  ice  extent  (the  area  within  the  ice  edge, 
defined  conventionally  as  the  15%  ice  concentration  isopleth), 
ice  area  (the  area  of  ice-covered  ocean),  water  area  (the 
difference  between  ice  extent  and  ice  area)  and  overall  ice 
concentration  (the  average  ice  concentration  within  the  ice 
edge;  i.e.,  the  ratio  ice  area/ice  extent)  can  be  derived.  Earlier 
studies  using  microwave  data  have  emphasized  the  Nimbus-7 
Scanning  Multichannel  Microwave  Radiometer  (SMMR)  data 
set  1978-1987.  An  analysis  of  SMMR  data  using  the  NASA 
Team  algorithm  revealed  a  0.032  x  10^  km^  yr‘*  (2.4%  per 
decade)  decrease  in  Arctic  sea  ice  extent,  with  no  significant 
trend  in  water  area,  and  no  significant  trends  at  all  in  the 
Antarctic  [6].  The  subsequent  sensor,  the  Special  Sensor 
Microwave  Imager  (SSM/I)  on  Defense  Meteorological 
Satellite  Program  (DMSP)  satellites,  has  provided 
comparable  data  since  1987,  including  a  6-week  period  of 
overlap  with  SMMR.  Analysis  of  the  SSM/I  data  1987-94 
revealed  greater  negative  trends  in  Arctic  ice  extent  and  ice 
area,  again  with  no  significant  changes  in  water  area  or  any  of 
the  Antarctic  ice  parameters  [7]. 

The  SMMR-SSM/I  overlap  period  allows  for  sensor 
intercalibration,  such  that  the  satellite-derived  sea  ice  record 


can  be  extended  beyond  the  operational  period  of  a  single 
sensor  system.  The  creation  and  analysis  of  continuous 
SMMR-SSM/I  time  series  of  ice  extent,  ice  area,  and  water 
area  1978-94  has  been  recently  discussed  [8].  The  trends 
estimated  in  that  analysis  were  between  those  found  in  the 
separate  SMMR  and  SSM/I  time  series  [7],  suggesting  that 
the  intercalibration  was  successful.  Again,  significant 
decreases  were  found  in  Arctic  ice  extent  and  ice  area,  with  no 
trend  in  the  water  area. 

The  lack  of  significant  trends  in  Arctic  water  area  [6-8]  is 
usually  taken  to  imply  that  there  have  been  no  changes  in  the 
compactness  of  the  sea  ice  cover.  However,  we  consider  the 
water  area  parameter  (extent  minus  area)  to  be  a  relatively 
poor  indicator,  compared  to  overall  ice  concentration 
(area/extent),  a  parameter  that  has  not  been  systematically 
investigated  previously.  Another  important  remaining 
scientific  issue  is  the  seasonal  character  of  the  negative  trends 
found  in  Arctic  ice  extent  and  ice  area  [6-8]. 

The  research  presented  here  serves  to  extend  and  expand 
on  [8].  The  objectives  here  are  to:  1)  create  time  series  of  ice 
extent,  ice  area,  and  overall  ice  concentration  from  1978-95 
SMMR  and  SSM/I  Tbs,  2)  estimate  trends  in  the  parameters 
in  the  Arctic  and  Antarctic  and  3)  investigate  the  seasonal 
components  of  any  significant  overall  trends. 

METHODS 

Creating  the  sea  ice  time  series 

The  SMMR  data  are  polarized  Tbs  measured  at  7,  11,  18, 
21,  and  37  GHz,  acquir^  at  2-day  intervals,  and  the  SSM/I 
data  are  1-day  polarized  TbS  at  19,  22,  37,  and  85  GHz. 
These  data  are  provided  on  CD-ROM  from  the  National  Snow 
and  Ice  Data  Center  (NSIDC),  Boulder,  Colorado.  The  sensor 
system  considerations  in  constructing  geophysical  time  series 
from  SMMR-SSM/I  data  are  described  in  [9],  in  which  it  is 
recommended  that  such  time  series  should  be  constructed  at 
the  geophysical  parameter  level,  rather  than  the  measured 
radiance  level  (Tb).  In  the  present  research,  ice  concentration 
in  each  individual  pixel  is  the  geophysical  parameter  of 
interest.  Individual-pixel  ice  concentrations  were  computed 
using  the  NORSEX  algorithm  [10],  which  uses  vertically- 
polarized  Tbs  at  18  and  37  GHz  (SMMR)  and  19  and  37  GHz 
(SSM/I).  The  details  of  the  SMMR-SSM/I  intercalibration 
that  we  performed  are  provided  in  [8].  Time  series  of  ice 
extent,  ice  area,  and  overall  ice  concentration  were  then 
derived  from  individual-pixel  ice  concentrations. 

Analyzing  the  sea  ice  time  series 

Monthly  mean  were  computed  to  reduce  the  high- 
frequency  variability.  The  overall  mean  and  seasonal  cycle 
were  then  removed,  resulting  in  anomalies  (departures),  from 
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which  trends  were  estimated  using  generalized  least-squares 
linear  regression.  Associated  with  each  trend  is  a  particular 
significance  value;  here,  results  were  considered  to  be 
statistically  significant  at  the  0.05  significance  (95% 
confidence)  level.  In  the  cases  where  trends  were  found  to  be 
“statistically  significant”,  the  possible  effects  of  temporal 
autocorrelation  were  tested  for  and  accounted  for  re-running 
the  regressions  after  randomly  subsampling  the  time  series  to 
remove  the  autocorrelation. 

An  analysis  was  then  performed  to  identify  the  seasonal 
contribution  to  each  of  the  overall  trends  that  was  found  to  be 
statistically  significant.  Month-by-month  time  series  were 
created  for  each  of  these  ice  parameters,  then  analyzed  using 
regression,  with  the  same  criteria  for  statistical  significance. 

RESULTS 

Overall  trends 

The  statistically  significant  trends  and  departures  1978-95 
are  shown  in  Fig.  1,  and  the  statistical  parameters  are 
summarized  in  Table  1.  We  find  significant  decreases  (p  < 
0.05)  in  ice  extent,  ice  area,  and  overall  ice  concentration  in 
the  Arctic.  In  the  Antarctic,  there  are  no  statistically 
significant  trends. 

In  the  Arctic,  the  estimated  trends  in  ice  extent  and  ice 
area  are  -  0.033  x  10®  km^  yr*  and  -  0.036  x  10^  km^  yr  *, 
respectively.  These  represent  rates  of  decrease  of  4.5%  and 
5.6%,  respectively  over  the  observation  period.  The  decrease 
in  overall  ice  concentration  was  1.8%  from  1978-95.  This 
means  that  ice  cover  became  less  compact  the  period,  the  first 
time  that  such  a  trend  has  been  established. 

In  the  Antarctic,  very  slight  (<  0.01  x  10^  km^  yr^) 
decreases  were  found  in  the  ice  extent  and  ice  area,  but  the 
trends  are  not  statistically  significant.  This  hemispheric 
asymmetry  is  consistent  with  most  global  climate  model 
results,  for  example  [10]. 

Seasonal  trends 

The  overall  negative  trends  in  the  Arctic  ice  cover  should 
not  be  expected  to  be  monotonic  geographically  or 
temporally.  Here  we  investigate  the  latter  aspect,  using  a 
monthly  breakdown  of  the  overall  time  series.  The  seasonal 
contribution  to  the  overall  trend  in  Arctic  sea  ice  area  is 
shown  in  Fig.  2.  The  greatest  reductions  have  occurred  in 
summer  (July,  August  and  September).  For  example,  the 
decreases  in  August  ice  area  were  0,054  x  10^  km^  yr^ 
compared  to  the  overall  mean  trend  of  -  0.036  x  10^  km^  yr" 
^  Statistically  significant  decreases  were  found  in  the  Arctic 
in  each  season,  except  in  the  ffeeze-up  period  (October, 
November,  and  December). 

An  earlier  study  [11]  found  significant  decreases  in  the 
Arctic  only  in  summer.  Our  results  indicate  not  only  a 
deepening  of  summer  reductions,  but  that  decreases  are 
happening  in  the  spring  as  well.  A  preliminary  investigation 
into  the  “temporal  dependencies”  in  the  time  series  reveals 
that  the  late  summer  (August  and  September)  anomalies  are 
correlated  with  the  anomalies  the  following  late  spring  (May 
and  June).  Accordingly,  the  recent  reductions  in  the  Arctic 
minimum  ice  cover,  occurring  in  September,  may  reinforce 
reductions  in  the  ice  cover  in  the  following  late  spring, 
although  this  remains  speculative. 


Arctic  sea  ice  extent  anomalies 


Arctic  sea  ice  area  anomalies 


Year 


Arctic  overall  ice  concentration  anomalies 


Year 


Fig.  1.  Anomalies  in  monthly  averages  of  Arctic  ice  extent, 
ice  area,  and  overall  ice  concentration,  November  1978  -  May 
1995,  derived  from  SMMR  and  SSM/I  passive  microwave 
satellite  data.  The  parameters  are  derived  from  individual- 
pixel  ice  concentrations  derived  using  the  NORSEX 
algorithm  [10].  Units  are  10^  km^.  Lines  represent  the 
slope  estimated  by  least-squares  linear  regression,  and  are 
considered  statistically  significant  at  the  95%  confidence 
level. 
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Table  1 .  Summary  of  trend  analysis  of  Arctic  and  Antarctic 
ice  extent,  ice  area,  and  overall  ice  concentration  (area/extent). 
In  the  Arctic,  we  use  area/extent  <  84°  N,  because  of  the  data 
gap  poleward.  The  observation  period,  is  the  length  of 
the  time  series,  i.e.,  16.5  years.  The  slope  is  in  10^  km^/yr 
for  ice  extent  and  ice  area,  and  %/year  for  ice  concentration. 


Parameter 

Slope 

A%  during 

during 

Conf. 

^obs 

Tfftfs  lO^km^)  level 

ARCTIC 

Ice  extent 

-  0.033 

-  4.5 

-  0.54 

99 

Ice  area 

-  0.036 

-  5.6 

-  0.60 

99 

Ice  concentration 

-  0.094 

-  1.8 

N/A 

99 

ANTARCTIC 

Ice  extent 

-  0.008 

-  1.2 

-  0.14 

79 

Ice  area 

-  0.004 

-  0.7 

-  0.07 

48 

Ice  concentration 

0.018 

0.4 

N/A 

42 

month 

Fig.  2.  Seasonal  distribution  of  trends  in  Arctic  sea  ice  area 
1978-1995,  derived  from  microwave  satellite  data.  Units  are 
10^  km^  decade'^.  The  curve  represents  the  trend  as  a 
function  of  season.  The  horizontal  line  represents  the  overall 
trend  of  -  0.36  x  10^  km^  decade' ^ 


CONCLUSIONS 

The  most  noteworthy  results  of  our  research  are:  1)  a 
1978-95  time  series  of  microwave-derived  ice  extent,  ice  area, 
and  overall  ice  concentration,  2)  the  estimation  of  significant 
decreases  in  each  parameter  in  the  Arctic,  and  3)  the 
determination  of  substantially  greater  decreases  in  the  summer 
and  spring  ice  cover  in  the  Arctic. 

The  time  series  can  serve  as  a  baseline  for  monitoring  the 
global  sea  ice  covers.  New  SSM./I  data  can  be  incorporated 
and  analyzed  as  they  become  available.  The  inclusion  of 
SSM./I  data  through  the  end  of  1995  is  of  great  interest,  as 
U.S.  National  Ice  Center  maps  reveal  the  1995  Arctic 
minimum  ice  extent  to  be  near  the  1990  record  low. 

While  it  is  tempting  to  infer  that  this  is  a  global 
warming  signal,  some  caveats  need  to  be  considered.  The 


negative  trends  in  Arctic  ice  parameters,  while  statistically 
significant,  are  small  compared  to  the  overall  mean  and 
seasonal  variability.  Also,  the  record  remains  short,  such 
that  even  one  or  two  anomalous  years  can  greatly  affect  the 
estimated  slopes. 

Further,  the  interannual  variability  of  the  ice  cover  and 
associated  atmospheric  forcing  mechanisms  is  high,  such  that 
the  tendencies  in  recent  years  are  not  necessarily  indicative  of 
the  near-future  situation.  Recent  analysis  of  SSM/I  data  and 
meteorological  data  has  revealed  that  most  of  ice  reductions  in 
the  1990s  have  been  in  the  Siberian  sector,  in  response  to 
synoptic-scale  atmospheric  forcings,  unpublished  [12].  It  is 
not  known  whether  these  broad  meteorological  tendencies  are 
related  to  global  warming,  and  it  is  of  course  not  known 
whether  they  will  continue. 

The  relatively  large  summer  decreases  imply  a  reduction 
in  the  multi-year  ice  area,  suggesting  reduced  ice  thickness, 
though  observational  data  are  lacking.  In  addition  to  its 
relevance  to  global  warming,  the  substantially  greater 
decreases  in  Arctic  spring  and  summer  have  implications  for 
operations  in  the  Arctic,  especially  in  the  marginal  seas. 
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Abstract  -  This  paper  describes  a  classification  algorithm 
using  dual-polarized  scatterometer  measurements  to  iden¬ 
tify  the  edge  of  the  sea  ice  cover.  The  distinct  polarization 
scattering  signatures  of  sea  ice  and  open  water  are  dis¬ 
cussed  and  illustrated  with  the  dual-polarized  radar  mea¬ 
surements  from  the  Seasat-A  scatterometer  (SASS).  The 
analysis  of  SASS  data  suggests  that  the  ratio  of  vertical 
and  horizontal  polarization  backscatter,  denoted  as  the 
copol  ratio,  is  a  useful  discriminator  of  sea  ice  and  open 
ocean.  A  simple  classification  algorithm  using  the  thresh¬ 
olds  of  the  copol  ratio  and  backscatter  levels  is  proposed. 
The  feasibility  of  this  algorithm  is  demonstrated  using  the 
SASS  data  from  the  single-sided,  dual-polarization  mode. 
The  results  indicate  that  the  dual-polarized  measurements 
from  the  NASA  scatterometer  (NSCAT)  can  be  used  to 
produce  routine  maps  of  sea  ice  extents. 


INTRODUCTION 

In  this  paper,  we  describe  the  potential  of  using  dual- 
polarized  scatterometer  returns  from  the  polar  oceans  to 
identify  the  edge  of  the  ice  cover.  This  ice  edge  could 
be  used  to  compute  the  ice  extent  which  is  defined  as 
the  area  enclosed  by  the  outer  boundary  of  the  ice  pack. 
The  trends  in  the  maxima  and  minima  of  the  annual  ice 
extents  of  the  Arctic  and  Antarctic  sea  ice  covers  have 
been  suggested  as  useful  indicators  of  climatic  change. 
Recent  investigations  have  been  based  on  the  ice  extent 
derived  from  data  collected  by  the  Scanning  Multichan¬ 
nel  Microwave  Radiometer  (SMMR)  instrument  and  its 
successor.  Special  Sensor  Microwave  Imager  (SSM/I).  We 
suggest  here  that  a  dual-polarized  scatterometer  could 
be  used  to  discriminate  sea  ice  from  open  water  and 
that  a  routine  ice  edge  product  derived  from  active  mi¬ 
crowave  data  could  provide  an  interesting  complement  to 
the  SSM/I  estimates. 

SEA  ICE/WATER  CLASSIFICATION  ALGORITHM 

A.  Scattering  Signatures  of  Sea  Ice  and  Open  Water 

Sea  ice  consists  of  freshwater  ice,  brine,  and  air  bubbles. 
The  salinity,  size,  shape,  and  number  densities  of  brine 
inclusions  and  air  bubbles  in  the  ice  layer  are  strongly 

This  work  was  performed  imder  a  contract  with  the  National 
Aeronautics  and  Space  Administration  at  the  Jet  Propulsion  Labo¬ 
ratory,  California  Institute  of  Technology. 

0-7803-3068-4/96$5.00©1996  IEEE 


(a)  SEA  ICE 


(b)  0CEAN(SASS-2,  UPWIND) 


Figure  1,  Examples  of  dual-polarized  backscatter  data  from 
Seasat  scatterometer  versus  incidence  angle,  (a)  two  selected 
sea  ice  areas  in  the  Arctic  ocean  and  (b)  averaged  upwind 
observations  of  ocean  backscatter  [5] 

influenced  by  the  temperature  during  ice  growth  and  de¬ 
salination.  The  surface  is  composed  of  meltponds,  hum¬ 
mocks,  ice  ridges  and  snow  cover  with  roughness  at  a 
range  of  scales  [4].  Scattering  from  a  complex  medium 
like  sea  ice  involves  both  volume  and  surface  scattering 
mechanisms.  Air  bubbles,  brine  pockets,  and  snow  grains 
are  sources  of  volume  scattering.  Because  these  volume 
scatterers  are  randomly  oriented  or  almost  spherical,  the 
levels  of  vertical  and  horizontal  polarization  returns, 
and  (Thh,  are  thus  similar.  In  other  words,  the  copol  ratio 
(^vvl<^hh  is  near  unity  for  volume  scattering.  Surface  scat¬ 
tering  is  contributed  by  the  rough  surfaces  of  ice  ridges, 
sea  ice  and  snow  cover  at  all  length  scales.  In  general,  the 
surface  roughness  of  sea  ice,  except  thin  ice,  is  compara¬ 
ble  with  or  much  larger  than  the  wavelength  2  cm) 
of  SASS.  This  means  that  the  geometric  optics  scattering 
from  surface  facets  facing  the  scatterometer  may  become 
significant  even  at  large  incidence  angles.  Consequently, 
the  levels  of  Ku-band  and  (Thh  will  be  similar  for  most 
sea  ice  surfaces.  From  the  described  characteristics  of  vol¬ 
ume  and  surface  scattering,  we  anticipate  that  the  copol 
ratio  is  close  to  unity  for  sea  ice  at  Ku-band,  regardless  of 
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which  scattering  mechanism  dominates.  Figure  1(a)  illus¬ 
trates  the  S  ASS  data  for  two  areas,  one  in  the  Beaufort  sea 
and  the  other  in  the  Chukchi  sea  centered  at  (72^,220®) 
and  (72^,  190®),  respectively.  The  size  of  each  area  is  1®  in 
latitude  by  1®  in  longitude.  As  shown,  the  copol  ratio  is 
less  than  2  dB  from  0®  to  60®  incidence  angles,  consistent 
with  the  physical  scattering  mechanism  described  above. 
The  higher  backscatter  in  the  Beaufort  Sea  is  probably 
due  to  scattering  from  the  more  deformed  sea  ice  cover  in 
this  region. 

The  scattering  mechanisms  of  open  ocean  are  quite  dif¬ 
ferent  from  those  of  sea  ice.  Sea  surfaces  roughened  by 
wind  forcing  are  comprised  of  gravity  waves,  capillary 
waves,  breaking  waves,  and  foam.  The  dependence  of 
(Tyy  and  (Thh  on  the  incidence  angle  and  wind  speed  is 
illustrated  in  Figure  1(b)  using  the  S ASS-2  model  func¬ 
tion  for  upwind  observations  [5].  The  characteristics  il¬ 
lustrated  here  are  similar  for  observations  made  at  other 
wind  directions.  The  sea  surface  backscatter  is  dominated 
by  the  Bragg  scattering  from  capillary  waves  at  large  inci¬ 
dence  angles.  The  Bragg  scattering  mechanism  provides  a 
unity  copol  ratio  at  small  incidence  angles.  However,  the 
copol  ratio  for  Bragg  scattering  increases  with  increasing 
incidence  angles  and  may  reach  as  high  as  10  dB  at  60®  in¬ 
cidence  at  low  winds.  Figure  1(b)  also  indicates  that  the 
copol  ratio  of  sea  surface  backscatter  depends  on  wind 
speed.  This  might  be  due  to  the  increasing  coverage  of 
breaking  waves  and  foam  with  increasing  wind  speed.  It 
has  been  suggested  that  breaking  waves  significantly  in¬ 
crease  the  level  of  auh  at  high  incidence  angles  beyond 
what  is  predicted  from  the  Bragg  scattering  mechanism. 
An  increase  in  ahh  leads  to  a  reduction  of  the  copol  ra¬ 
tio  of  ocean  backscatter.  In  general,  the  copol  ratio  of 
ocean  backscatter  increases  with  increasing  incidence  an¬ 
gles,  unlike  that  of  sea  ice. 

Comparative  analysis  of  Figures  1(a)  and  (b)  indicates 
that  the  backscatter  levels  from  sea  ice  overlap  with  the 
range  of  backscatter  from  open  water,  which  depends  on 
wind  speeds.  This  clearly  makes  it  difficult  to  distinguish 
sea  ice  and  open  water  using  only  backscatter  levels.  How¬ 
ever,  the  SASS  data  suggest  that  the  copol  ratio  for  ocean 
backscatter  is  larger  than  that  of  sea  ice  backscatter  at 
large  incidence  angles.  To  verify  whether  the  above  ob¬ 
servation  is  true  over  a  larger  area,  the  copol  ratios  of  the 
SASS  data  from  the  entire  polar  regions  are  examined. 
The  ratio  of  consecutive  aw  and  auh  measurements  made 
by  the  same  antenna  beam  is  calculated  for  incidence  an¬ 
gles  between  43®  and  58®  and  grouped  into  0.5®  by  0.5® 
bins.  The  results  show  that  the  copol  ratio  is  close  to  0 
dB  for  the  areas  expected  to  be  covered  by  sea  ice  and  is 
as  large  as  5  dB  over  the  open  ocean.  This  supports  our 
conclusion  drawn  from  Figure  1. 

B.  Sea  Ice/ Water  Classification  Algorithm 

The  preceding  discussion  suggests  that  the  copol  ratio  is 
a  good  discriminator  of  sea  ice  and  open  water.  Analysis 
of  SASS-2  geophysical  model  function  [5]  for  several  wind 
speeds  shows  that  the  copol  ratio  for  open  water  is  greater 
than  2  dB  at  above  43®  incidence  angles  for  winds  up  to 
20  m/s.  Hence,  if  a  value  of  2  dB  is  selected  for  jt,  the 


threshold  algorithm  should  work  rather  well  for  a  large 
range  of  wind  speeds  with  the  backscatter  observations  at 
incidence  angles  greater  than  43®, 

Besides  the  threshold  for  copol  ratio,  the  thresholds  of 
backscatter  levels  are  also  required  to  reduce  erroneous 
classification  at  high  and  low  winds.  The  copol  ratio  data 
for  the  south  polar  region  show  that  there  will  be  substan¬ 
tial  misclassifications  of  open  water  into  ice  if  the  copol 
ratio  is  used  as  the  only  discriminator.  The  classification 
can  be  improved  by  bracketing  the  range  of  backscatter 
levels.  The  upper  backscatter  threshold  (cri)  is  selected 
to  be  small  enough  so  that  extraordinarily  strong  wind 
conditions  resulting  in  high  backscatter  and  small  copol 
ratios  will  not  be  confused  as  sea  ice,  but  is  large  enough 
to  include  as  many  ice  types  as  possible  so  that  strong 
backscatter  from  some  winter  Antarctic  sea  ice  will  not 
be  excluded.  The  lower  threshold  {a 2)  is  needed  to  ex¬ 
clude  the  noisy  backscatter  data  from  open  ocean  at  low 
winds.  We  found  that  the  values  of  0  dB  and  -25  dB  for 
ai  and  (J2,  respectively,  work  well  for  the  summer  Arctic 
and  winter  Antarctic  sea  ice  with  our  current  data  set. 
Hence,  we  propose  the  following  algorithm  for  sea  ice  and 
open  water  discrimination  using  the  data  from  above  43® 
incidence: 

A  pixel  is  classified  as  sea  ice  if 

•  (y'vv  /<^hh  <  It,  and 

•  CTi  >  ayy  and  ahh  >  <^2- 

Otherwise,  this  pixel  is  classified  as  open  water. 

APPLICATIONS  TO  SEASAT  DATA 

Here,  the  copol  ratio  algorithm  for  sea  ice  and  open  wa¬ 
ter  classification  is  demonstrated  with  the  data  from  the 
Seasat  scatterometer  [3].  SASS  used  four  dual-polarized 
fan-beam  antennas  to  produce  an  X-shaped  illumination 
pattern  on  the  earth  surface.  There  were  eight  science  op¬ 
erational  modes  for  beam/polarization  scanning.  Modes 
3  and  4  are  single-sided,  dual-polarization  modes  illumi¬ 
nating  the  left  and  right  sides  of  the  satellite  velocity 
vector,  respectively.  In  early  July  1978,  SASS  operated 
continuously  in  mode  4  from  revs  142  to  223  with  the 
antenna/polarization  scanning  sequence  (1V,1H,2V,2H). 
These  82  revs  (^  6  days)  of  dual-polarized  backscatter 
data  are  used  to  test  the  sea  ice/open  water  classification 
algorithm  described  in  the  previous  section. 

The  data  in  the  range  of  incidence  angles  from  43®  to 
58®  were  averaged  and  grouped  into  0.5®  latitude  and  0.5® 
longitude  bins.  The  copol  ratio  was  calculated  from  each 
pair  of  consecutive  aw  and  ahh  measurements  from  the 
same  antenna  beam  and  averaged  over  all  the  SASS  ob¬ 
servations  for  each  bin.  The  averaged  ahh,  and  copol 
ratio  are  used  to  determine  whether  a  bin  is  sea  ice  or 
water.  Note  that  there  are  bins  with  no  SASS  observa¬ 
tions  from  43®  to  58®  incidence  angles.  For  this  case,  no 
classification  is  performed. 

The  classification  results  are  shown  in  Figures  2  and  3. 
(To  of  classified  sea  ice  pixels  is  indicated  with  a  range  of 
gray  levels.  As  expected  in  summer,  the  ice  edge  is  lo¬ 
cated  to  the  north  of  the  Chukchi  sea  in  the  Arctic  ocean. 


936 


Classified  Sea  Ice  Extent  In  The  North  Polar  Region 
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Figure  2.  Sea  ice  backscatter  (Jw  interpolated  at  50°  for  the 
north  polar  regions.  Black  represents  ocean,  and  white  repre¬ 
sents  land  or  no  data. 

A  large  portion  of  Baffin  Bay  was  still  covered  by  sea  ice, 
and  a  large  portion  of  coastal  water  in  the  Hudson  Bay 
was  open.  There  was  also  sea  ice  off  the  east  Greenland 
coast.  These  features  agree  with  the  climatological  cov¬ 
erage  of  sea  ice  in  the  north  polar  region  [6].  There  are 
only  a  few  obvious  misclassifications:  A  few  bins  in  the 
north  Pacific  were  classified  as  sea  ice  and  a  few  within 
the  ice  edge  in  the  Arctic  ocean  to  the  north  of  Chukchi 
sea  classified  as  open  water.  For  the  south  polar  region, 
Fig.  3  indicates  that  the  ice  edge  nearly  reached  the  max¬ 
imum  extent  and  extended  into  the  mid-latitudes  of  the 
south  Atlantic,  consistent  with  the  climatological  ice  edge 
[6].  The  clearly  identifiable  misclassifications  are  also  very 
limited  with  very  few  black  pixels  well  within  the  ice  edge. 
Although  no  ground  truth  information  is  available  to  de¬ 
termine  the  absolute  accuracy,  the  small  number  of  ap¬ 
parent  classification  errors  indicated  by  the  sea  ice  pixels 
in  the  mid-latitude  oceans  and  open  water  pixels  within 
the  ice  edges  suggests  reasonable  results  from  this  copol 
ratio  algorithm. 

SUMMARY 

A  classification  algorithm  using  the  dual-polarized  radar 
backscatter  is  presented  for  the  identification  of  sea  ice 
cover.  This  algorithm  is  demonstrated  with  the  SASS 
data  from  the  single  sided,  dual-polarized  modes.  A  small 
number  of  obvious  classification  errors  suggests  that  this 
algorithm  performs  reasonably  well  for  the  summer  Arctic 
and  winter  Antarctic  sea  ice.  Work  is  being  carried  out 
to  further  reduce  these  classification  errors  with  the  sea 
ice  identification  algorithm  developed  for  ERS-1  [1].  If 
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Figure  3.  Sea  ice  backscatter  <Jvv  interpolated  at  50°  for  the 
south  polar  regions.  Black  represents  ocean,  and  white  repre¬ 
sents  land  or  no  data. 

this  algorithm  proves  to  be  useful  and  accurate  for  other 
seasons,  the  sea  ice  extent  can  be  produced  routinely  from 
the  NSC  AT  data  [2]  and  is  expected  to  complement  the 
current  products  used  for  monitoring  the  extent  of  sea  ice 
cover. 
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Abstract  -  In  this  paper  we  introduce  the  idea  of  Temporal 
Mixture  Analysis  (TMA)  for  analyzing  long  sequences  of 
hypertemporal  remote  sensing  imagery.  The  basis  of  this 
approach  is  spectral  mixture  analysis,  which  we  adapt  from 
the  spectral  domain  to  the  time  domain  and  apply  it  to  a  9- 
year  record  of  sea  ice  concentrations  in  the  Northern 
Hemisphere.  We  find  that  endmember  fraction  images 
provide  a  unique  summary  of  spatial  arrangements  and 
temporal  characteristics  of  the  mapped  phenomenon  during  a 
specific  period. 

INTRODUCTION 

The  basic  premise  behind  remote  sensing  is  that  the 
identity  of  targets  within  a  sensor's  field-of-view  can  be 
retrieved  based  on  their  unique  spectral  and/or  spatial 
properties.  The  detectability  of  a  surfece  target  is  limited  by 
its  size,  relative  to  the  spatial  resolution  of  the  sensing 
instrument,  and  the  uniqueness  of  its  spectral  attributes  in  the 
recorded  spectral  bands.  As  a  result,  a  large  proportion  of 
remotely  sensed  data  are  spectrally  mixed  because  the  scales  of 
spatial  variation  of  natural  phenomena  are  often  smaller  than 
the  spatial  resolutions  of  sensors  [2].  Thus  a  fundamental, 
yet  often  overlooked,  concept  is  that  each  single  radiance 
value  recorded  by  a  sensor  actually  contains  contributions 
from  several  individual  surface  components  [1]. 

Spectral  mixture  analysis  (SMA)  is  a  procedure  which 
attempts  to  extract  the  fractional  radiance  components  from 
the  pixels  in  an  image.  It  has  been  shown  to  be  quite 
effective  at  addressing  a  wide  range  of  remote  sensing  issues 
from  a  variety  of  sensors.  In  particular,  SMA  has  been  used 
extensively  for  the  analysis  of  hyperspectral  data  from 
imaging  spectrometers  where  conventional  image  analysis 
techniques  have  been  shown  to  be  inadequate  [2]. 

The  basic  premise  in  temporal  monitoring  using  remote 
sensing  data  is  that  changes  in  surface  features  must  result  in 
changes  in  sensed  radiance  values  and  that  the  changes  in 
radiance  due  to  surface  changes  must  be  large  with  respect  to 
radiance  changes  caused  by  other  factors  [3].  Thus  in  addition 
to  having  sufficient  magnitude,  the  detectability  of  changed 
features  is  also  dependent  on  the  timing  and  frequency  of 
observation.  Unlike  traditional  change  detection  methods 
(such  as  image  ratioing  or  differencing),  hypertemporal  image 
sequences  record  temporal  signatures  with  sufficient  temporal 
sampling  to  allow  direct  identification  of  changed  features  and 
quantitative  analysis  of  subtle  temporal  changes  on  a  pixel- 
by-pixel  basis. 

In  this  research,  the  SMA  paradigm  is  extended  to  evaluate 
temporal  spectra  instead  of  electromagnetic  radiance  spectra. 
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Specifically,  temporal  mixture  analysis  (TMA)  is  examined 
within  the  context  of  identifying  the  significant  temporal 
patterns  of  sea  ice  concentrations  in  the  Arctic. 

SCANNING  MULTICHANNEL  MICROWAVE 
RADIOMETER  DATA 

The  Scanning  Multichannel  Microwave  Radiometer 
(SMMR)  was  a  10-channel  instrument  which  operated  on  the 
Nimbus-7  spacecraft  between  November  1978  and  August 
1987.  It  measured  emitted  Earth  radiation  at  five  dual- 
polarized  frequencies  between  6.63  and  37  GHz  in  the 
microwave  portion  of  the  electromagnetic  spectrum.  The 
SMMR  data  used  in  this  study  are  derived  from  those 
published  on  the  Nimbus-7  SMMR  Radiances  and  Sea  Ice 
Concentrations  CD-ROM  (Volume  7)  produced  by  the  NASA 
Oceans  and  Ice  Branch  at  the  Goddard  Space  Flight  Center. 

We  are  interested  in  assessing  the  variability  of  Arctic  sea 
ice  concentrations  over  time  within  the  context  of  a  changing 
climate.  It  was  anticipated  that  TMA  could  define  a  regional 
classification  of  the  Arctic  sea  ice  zone  based  on  average 
monthly  sea  ice  concentrations.  To  facilitate  this 
investigation,  all  of  the  ice  concentration  files  within  each 
month  were  averaged  to  create  108  monthly  images.  A  12 
month  annual  summary  of  mean  sea  ice  concentration  was 
then  created  by  averaging  the  monthly  concentration  images 
for  each  month  over  the  9  year  data  record.  This  12-slice 
image  was  used  in  the  following  modelling  experiments. 

TEMPORAL  MIXTURE  ANALYSIS 

The  primary  objective  of  spectral  mixture  analysis  is  the 
isolation  of  the  main  spectral  contributions  in  each  pixel. 
First,  endmembers  are  defined  which  characterize  the  most 
extreme,  or  "pure"  spectra  present  in  the  data.  They  are  then 
entered  into  a  (generally  linear)  mixing  model  which  defines 
the  spectral  mixing  of  the  scene  components  from  which  a  set 
of  fraction  images  (one  per  endmember)  is  produced  [2]. 

In  a  spectral  mixture  analysis,  spectral  endmembers  are 
defined  as  radiometrically  "pure"  features  (e.g.,  vegetation, 
soil,  etc.).  In  this  study,  the  SMA  technique  is  extended  to 
analyze  temporal  spectra  of  SMMR  sea  ice  concentrations  to 
determine  if  endmember  fractions  could  be  created  from 
temporally  "pure"  ice  concentration  features  (e.g.  always  ice- 
covered,  always  ice-free,  seasonally  ice-covered).  Three  sea 
ice  endmembers,  each  describing  a  different  seasonal  pattern  of 
ice  growth  and  decay,  were  defined  by  sampling  temporal 
spectra  from  the  SMMR  data.  A  fourth  endmember  was 
defined  manually  as  100%  concentration  for  each  month  of 
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the  year  to  represent  non-seasonal  sea  ice.  The  SMMR  data 
were  unmixed  into  four  corresponding  endmember  fraction 
images  (Fig.l). 

The  first  seasonal  endmember  highlights  some  of  the  most 
dramatic  seasonality  in  the  Arctic  sea  ice  zone.  The  spectral 
curve  exhibits  near  total  ice  concentration  from  November 
through  May.  There  is  a  steady  opening  up  of  the  ice  cover 
in  June  and  July  until  August  when  it  is  ice-free.  Ice  rapidly 
forms  again  in  the  fall  so  that  by  November,  complete 
coverage  is  again  realized.  Spatially,  the  fraction  image 
shows  regions  exhibiting  these  characteristics  as  most  of  the 
peripheral  seas  ringing  the  non-seasonal  sea  ice  of  the  central 
Arctic  Ocean. 

The  second  seasonal  sea  ice  fraction  image  was  derived 
from  those  image  pixels  which  had  100%  concentration  in 
March  (the  general  time  of  maximum  winter  sea  ice)  and  were 
ice-free  in  September  (the  usual  ice  minimum).  Regions 
with  these  temporal  characteristics  have  almost  total  ice 
coverage  from  December  to  June,  experience  a  rapid  clearing 
in  June  and  July,  remain  ice  free  for  August  and  September, 
and  quickly  freeze-up  to  high  ice  concentrations  during 
October  and  November.  The  fraction  image  identifies  these 
characteristics  to  be  primarily  located  in  Hudson  and  Baffin 
Bays,  and  in  the  Chukchi,  Kara  and  Barents  Seas.  Each  of 
these  regions  are  locations  of  relatively  limited  ice  movement 
throughout  the  year  (although  this  is  not  unique  to  these 
regions),  possibly  due  to  the  restrictive  presence  of 
landmasses  which  partially  segregate  these  areas  from  the 
main  Arctic  drift  streams,  and  to  shallow  bathymetry.  This 
limited  ice  motion  could  promote  the  quick  ice  formation  and 
ice  stagnation  observed  in  the  endmember  spectrum. 

The  third  seasonal  sea  ice  endmember  characterizes  much  of 
the  ice  in  the  more  southerly  extents  of  the  seasonal  sea  ice 
zone:  in  the  Sea  of  Okhotsk,  and  in  parts  of  the  Bering  and 
Labrador  Seas.  The  annual  cycle  of  ice  cover  in  these  areas  is 
split  approximately  equally  between  periods  of  total  ice 
coverage  and  times  of  ice  absence.  After  reaching  a  peak 
concentration  of  about  80-90%  in  February  or  March,  the  ice 
coverage  decreases  steadily  so  that  by  June  the  region  is  ice- 
free.  It  remains  devoid  of  ice  for  five  months  until 
November,  when  the  coverage  begins  to  increase  again. 

The  highest  non-seasonal  ice  fractions  are  found  in  the 
central  Arctic  Ocean,  above  the  Canadian  Archipelago.  This 
is  the  location  of  the  oldest  and  slowest  drifting  ice  in  the 
Arctic.  The  non-seasonal  ice  fractions  in  the  bulk  of  the 
Arctic  Basin  are  all  over  70%.  Towards  the  periphery,  the 
non-seasonal  fractions  drop  off  rapidly,  but  are  complemented 
by  corresponding  increases  in  seasonal  ice  fractions. 


SUMMARY 

Temporally  mixed  images  provide  a  unique  summary  of  the 
spatial  arrangement  of  the  temporal  characteristics  of  the 
mapped  phenomenon  during  a  specific  period.  A  key 
distinction  which  differentiates  temporally  mixed  imagery 
from  similar  images  derived  through  other  means  (e.g., 
principal  components  analysis  or  image  classification)  is  that 


the  data  presented  are  derived  from  the  temporal  characteristics 
of  the  analyzed  phenomenon  and  not  the  type  of  feature 
present.  For  example,  a  region  which  is  highlighted  by  a 
non-seasonal  ice  endmember  is  not  necessarily  dominated  by 
multiyear  ice.  It  is,  however,  dominated  by  ice  whose 
month-to-month  variation  is  closely  aligned  with  the 
temporal  spectrum  defined  for  this  endmember. 

An  interesting  phenomenon  about  the  temporal  character  of 
Arctic  sea  ice  was  revealed  in  this  analysis:  the  need  for 
endmembers  which  had  maximum  or  minimum 
concentrations  between  20%  and  80%  was  not  identified 
during  the  TMA  procedure.  This  suggests  that  regions  tend 
to  remain  generally  ice-free  or  ice-covered  during  the  year  and 
there  are  forces  at  work  which  cause  sea  ice  to  resist  a  change 
of  state  (freezing  or  thawing)  well  beyond  the  point  at  which 
the  atmospheric  conditions  dictate.  Once  a  certain  threshold 
has  been  passed,  however,  the  state  change  occurs  rapidly  and 
totally  as  the  system  regains  equilibrium. 

In  this  study,  a  simple  model  consisting  of  only  four 
distinct  temporal  processes  -  three  describing  seasonal 
variations;  one  identifying  a  non-seasonal  component  -  was 
required  to  describe  the  temporal  characteristics  of  Arctic  sea 
ice  concentrations  on  an  annual  cycle.  These  new  methods 
have  the  potential  to  improve  how  climate  models  treat  the 
polar  ice  covers,  as  many  existing  models  treat  the  Arctic  sea 
ice  cover  as  a  solid  slab  of  ice  one  metre  thick.  More  realistic 
climate  models  will  help  in  the  development  of  a  better 
understanding  of  the  Earth’s  climate  system  and  the 
significant  role  played  by  the  polar  ice  covers. 
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ABSTRACT 

Copolar  ratios  and  phases  in  backscattering  from  Beau¬ 
fort  Sea  ice  at  23  cm  wavelength  (L-band)  vary  with  ap¬ 
parent  ice  thickness  [1].  Specifically,  copolar  ratios  for 
multiyear  and  apparently  thick  first-year  ice  agree  with 
those  expected  for  Bragg  scattering  from  an  effectively  in¬ 
finitely  thick  slab  with  small  surface  roughness  (relative  to 
the  radiation  wavelength).  Copolar  phases  for  multiyear 
ice  cluster  tightly  around  one  value,  which  was  taken  as 
a  reference  value  (early  data  were  not  phase-calibrated). 
Copolar  phases  for  apparently  thick  first- year  ice  cluster 
around  the  same  reference  value,  but  are  slightly  more 
variable.  Both  ratios  and  phases  for  lead  ice,  however,  dis¬ 
play  large  departures  from  thick  ice  values.  A  scattering 
model  proposed  to  explain  those  variations  predicts  ap¬ 
proximately  equal  likelihoods  for  copolar  phases  greater 
than  and  less  than  the  reference  value.  The  Beaufort 
Sea  data,  however,  show  negative  copolar  phase  values 
(i.e.,  values  below  the  reference  value)  in  all  but  one  case. 
While  this  may  be  because  all  leads  imaged  in  the  data  set 
were  of  similar  ages,  the  paucity  of  positive  copolar  phases 
was  a  significant  gap  in  observational  support  for  the  the¬ 
ory.  I  present  here  new  data  from  the  Shuttle  Imaging 
Radar  -  C  (SIRC)  mission  during  October  1994  showing 
leads  in  the  northern  Weddell  Sea.  As  in  the  Beaufort, 
essentially  no  surface  observations  are  available,  but  con¬ 
ventional  SAR  imagery  suggests  the  presence  of  lead  ice 
of  at  least  two  distinct  ages  in  close  proximity  in  the  Wed¬ 
dell  scene.  Ice  regions  in  the  two  categories  show  spatially 
coherent,  but  quite  different,  polarimetric  signatures  at 
L-band,  including  copolar  phases  larger  than  neighboring 
thicker  ice  in  one  case  and  smaller  in  the  other.  The  copo¬ 
lar  phase  also  varies  between  regions.  I  present  a  quanti¬ 
tative  analysis  of  the  observations  and  a  comparison  with 
theory.  I  conclude  with  an  assessment  of  the  possibil¬ 
ity  of  estimating  lead  ice  thickness  directly  from  snapshot 
and  time-sequential  L-band  polarimetric  synthetic  aper¬ 
ture  radar  (SAR)  imagery. 

1.  INTRODUCTION 

Thin  Arctic  sea  ice  exerts  an  influence  on  the  ocean  and 
atmosphere  far  out  of  proportion  to  its  area  on  the  Earth’s 
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surface,  because  of  its  dominant  influence  on  the  heat  bal¬ 
ance  of  the  Arctic  during  winter  [2].  (“Thin”  sea  ice  typ¬ 
ically  refers  to  ice  less  than  about  70  cm  in  thickness.) 
The  location  and  distribution  of  such  sea  ice  is  also  im¬ 
portant  in  determining  the  cost  and  difficulty  of  various 
surface  and  subsurface  operations  in  the  Arctic  basin  and 
many  coastal  waters.  Thus  the  remote  estimation  of  sea 
ice  thickness  has  long  been  a  goal. 

Existing  microwave  remote  sensing  methods  for  esti¬ 
mating  sea  ice  thickness  rely  on  the  observation  of  pro¬ 
cesses  at  the  upper  surface  of  the  ice  (either  the  air/ice  or 
snow/ice  interface),  which  are  hoped  to  serve  as  reliable 
proxies  for  ice  thickness  via  one  physical  link  or  another. 
Increasing  understanding  of  such  links,  however,  shows 
them  to  be  tenuous.  For  example,  the  development  of 
frost  flowers  and  rough  slush  on  new  ice  surfaces,  which 
is  visible  in  backscatter  at  5.3  GHz,  fails  to  occur  under 
some  conditions  of  ice  growth;  thus  there  is  no  one-to-one 
relation  between  backscattered  intensity,  or  even  a  given 
history  of  backscattered  intensity,  and  new  ice  thickness. 
A  method  of  sea  ice  estimation  based  on  a  direct  signature 
response  to  ice  thickness  itself  is  therefore  highly  desirable. 

Jet  Propulsion  Laboratory  airborne  SAR  observations 
of  apparently  thin  sea  ice  in  Arctic  leads  seem  to  show  a 
strong  variation  with  ice  thickness,  and  this  may  be  un¬ 
derstandable  in  terms  of  the  effect  of  interference  between 
up-  and  down-going  waves  in  the  ice  on  scattering  at  the 
air/ice  interface  (the  up-going  waves  being  the  result  of 
reflection  at  the  ice/water  interface)  [1],  Such  a  theory 
predicts,  however,  that  copolar  phases  both  greater  and 
less  than  those  observed  for  (effectively  infinitely)  thick 
ice  should  be  observed.  The  observational  evidence  for 
copolar  phases  greater  than  those  from  thick  ice  was  not 
strong  in  the  Beaufort  Sea  data.  Here  I  present  obser¬ 
vations  of  copolar  ratios  and  phases  in  24-cm  wavelength 
backscattering  from  apparently  new.  ice  in  the  Weddell 
Sea,  which  were  obtained  by  the  SIR-C  SAR  during  Oc¬ 
tober  1994.  The  imagery  shows  well-defined  regions  of  ice 
of  apparently  differing  thicknesses,  with  reasonably  stable 
but  differing  polarimetric  signatures  in  differing  regions. 
In  particular,  spatially  coherent  regions  displaying  copo¬ 
lar  phases  greater  than  those  for  neighboring  thicker  ice 
are  found  adjacent  to  equally  spatially  coherent  regions 
displaying  phases  less  than  those  for  thicker  ice.  The 
absolute  phase  calibration  of  the  imagery  may  not  yet 
be  sufficiently  precise  to  support  a  precise  comparison  of 
theory  and  data  [3] ,  but  such  a  comparison  is  the  goal  of 
forthcoming  work. 

2.  OBSERVATIONS 

Figure  1  shows  a  conventional,  total  power  SAR  image  of 
sea  ice  in  the  Weddell  Sea  during  October  1994,  acquired 
using  the  SIR-C  SAR.  The  location  of  the  image  center 
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is  approximately  58®14'S,  21^35'E,  and  the  incidence  an¬ 
gle  at  the  center  of  the  image  is  approximately  32^.  The 
image  shows  rough  first  year  ice  pack,  presumably  of  mor¬ 
phology  and  thickness  similar  to  that  observed  previously 
in  the  Weddell  [4],  riven  by  a  lead  containing  new  ice  of 
two  or  more  apparent  thicknesses,  perhaps  resulting  from 
separate  opening  episodes. 


Figure  1.  Conventional,  total-power  SAR  image  of  sea 
ice  in  the  Weddell  Sea  acquired  by  the  Shuttle  Imaging 
Radar  -  C  during  October  1994. 

Figures  2  and  3  show  corresponding  images  of  copolar 
phase  and  ratio,  respectively.  These  images  are  derived  by 
using  a  square,  6x6  pixel  moving  spatial  average  of  covari¬ 
ance  matrices  in  the  original  data  and  computing  polari- 
metric  signatures  from  the  averaged  covariance  matrices 


(for  standard,  precise  definitions,  see  [1]).  The  correspon¬ 
dences  between  gray  scale  and  signature  values,  according 
to  initial  calibration  supplied  by  JPL,  are  shown  beneath 
the  images. 


Both  images  show  regions  of  reasonably  stable  but  dif¬ 
fering  signatures  corresponding  rather  precisely  to  regions 
of  differing  apparent  age  in  Figure  1.  In  particular,  it 
seems  clear  that  most  probable  copolar  phase  values  for 
pack  ice  fall  between  corresponding  values  observed  in  sep¬ 
arate,  spatially  well-defined  areas  of  new  ice. 
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Figure  2.  Copolar  phase  image  corresponding  to  the 
conventional  image  in  figui-e  1 ,  based  on  a  6x6  pixel  mov¬ 
ing  average  of  covariance  matrices. 
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3.  DISCUSSION 

The  set  of  observations  above  is  not  an  exception  -  sev¬ 
eral  other  instances  in  the  SIR-C  data  of  lead  systems 
running  through  pack  ice  show  similar  signature  varia¬ 
tions.  I  believe  the  relative  (i.e.,  within  scene)  calibration 
of  signatures  is  likely  to  be  highly  reliable,  and  therefore 
that  the  observation  of  thin  ice  signatures  with  copolar 
phases  bracketing  those  of  pack  ice  significantly  strength¬ 
ens  the  proposed  explanation  for  signature  variations  in 
terms  of  interference-modulated  rough  surface  scattering 

[1].  Understanding  the  mechanism  of  signature  variation 
opens  the  door  to  inverting  signature  time  series  to  esti¬ 
mate  ice  thickness  history,  and  the  mechanism  proposed 
in  [1]  is  amenable  to  such  inversion. 

However,  the  absolute  calibration  of  copolar  ratio  and 
phase  remain,  as  of  this  writing,  sufficiently  uncertain  [3] 
to  make  a  quantitative  comparison  with  theory  difficult. 
The  multiyear  ice  sea  ice  that  provided  a  calibration  tar¬ 
get  of  sorts  in  earlier  work  [1]  is  not  present  in  these  ob¬ 
servations,  but  orbits  on  which  sea  ice  data  were  acquire 
typically  also  saw  the  acquisition  of  open  ocean  data  just 
off  the  ice  edge.  Because  the  polarimetric  backscattering 
from  wind-roughened  sea  water  is  relatively  well  under¬ 
stood,  observations  of  this  surface  type  should  be  useful 
in  tightening  the  radar  calibration  and  acheiving  a  precise 
comparison  of  theory  with  data.  This  is  subject  of  a  study 
now  underway,  to  be  reported  in  the  near  future. 
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Figure  3.  Copolar  ratio  image  corresponding  to  the  con¬ 
ventional  image  in  figure  1,  based  on  a  6x6  pixel  moving 
average  of  covariance  matrices. 
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Abstract  -  The  distribution  of  ice  forms  and  thickness  is 
believed  to  be  important  to  the  study  and  monitoring  of 
changes  in  our  global  environment.  Distribution 
information  is  known  to  vary  with  region.  Satellite  and  in- 
situ  observations  were  conducted  in  the  Chukchi  Sea  with 
the  intent  to  learn  more  about  sea  ice  physical  and 
microwave  properties  during  the  period  of  transition  from 
summer  to  winter.  Comparisons  are  made  with  observations 
from  a  well  studied  region,  the  Beaufort  Sea.  A  regional 
knowledge  of  sea  ice  properties  and  microwave  behavior  is 
important  to  the  application  of  SAR  remote  sensing  methods 
to  retrieve  geophysical  properties. 

INTRODUCTION 

Previous  microwave  and  physical  property  investigations 
have  often  concentrated  on  the  Beaufort  Sea  and  the 
marginal  ice  zone  in  the  Fram  Strait.  Regions  such  as  the 
Chukchi  Sea  are  less  well  studied.  The  character  of  ice 
conditions  presented  in  synthetic  aperture  imagery  (SAR)  is 
found  to  be  different  from  that  of  the  Beaufort  Sea,  a  region 
immediately  to  the  East.  This  provides  an  illustration  that 
processes  unique  to  a  region  influence  the  microwave 
behavior  of  its  floating  ice. 

We  participated  in  an  U.S.  Geological  Survey  cruise 
during  the  fall  freeze-up  period  (e.g.  August  and  September 
1992)  during  which  the  United  States  Coast  Guard  (USCG) 
Ice  Breaker  Polar  Star  operated  in  the  Chukchi  and  Western 
Beaufort  Sea  in  a  region  between  75  and  76  N,  and  154 
and  165  W.  Based  on  in^situ  observations  made  during  this 
cruise  an  opportunity  to  compare  ERS-1  SAR  signatures 
with  ice  transitioning  from  summer-to-fall  conditions  and 
the  production  of  new  ice  in  an  area  associated  with  the 
Chukchi  Sea  and  which  contains  seasonal  ice  was  made 
possible.  This  also  provided  the  opportunity  to  examine  ice 
which  was  also  studied  during  an  intensive  spring  1992 
Beaufort  Sea  investigation  [1,2],  and  had  transited 
northwest., 

OBSERVATIONS  CONDUCTED  IN  SITU 

During  this  cruise  in  situ  observations  were  made  to 
characterize  sea  ice  physical  and  electrical  properties.  In 
addition,  a  microwave  scatterometer  which  operates  at  the 
ERS-1  SAR  frequency  and  a  color  video  recording  system 
0-7803-3068-4/96$5.00©1996  IEEE 


were  positioned  on  the  bridge  of  the  ship  to  view 
perpendicular  to  the  ship’s  track.  When  at  station,  detailed 
angular  response  information  was  obtained  to  support  studies 
of  the  backscatter  mechanisms  at  play.  When  in  transit, 
observations  were  made  at  the  ERS-1  SAR  observation  angle 
of  25  degrees  for  a  statistical  study  of  backscatter  intensity 
and  ice  form. 

DISCUSSION 

ERS-1  SAR  imagery  were  obtained  for  the  period  of  24 
August  to  12  October  to  characterize  the  transition  from 
summer  melt  to  fall-freeze  up.  About  thirty  100  km  x  100 
km  images  were  used  in  characterizing  this  period  and 
region.  Measures  of  multiyear  ice  and  total  image 
backscatter  were  made  and  are  provided  in  Fig.  1 . 
Backscatter  intensities  range  from  a  low  of  about  -13  to  a 
high  of  about  -7.5  dB.  There  are  three  characteristics  to  the 
observed  time  response:  (a)  a  rapid  level  shift  in  intensity 
which  occurred  near  the  end  of  August  and  associated  with 
the  drop  in  ambient  temperature  (see  Fig.  2)  to  below  the 
freezing  point  of  fresh  water,  (b)  a  level  shift  in  total  image 
intensity  occurring  mid  September,  and  (c)  a  third  level  shift 
in  total  image  intensity  at  the  end  of  September.  The 
modulation  in  backscatter  intensity  at  late  summer  may  be 
explained  based  on  whether  a  floe  has  a  wet  or  frozen 
surface,  or  if  a  floe  is  covered  with  large  areas  of  open  water 
filled  meltpools,  or  whether  the  meltpools  are  largely  drained 


Fig.  1.  ERS-1  SAR  radar  scattering  coefficients  for  multiyear 
ice  and  total  image  backscatter  is  shown. 
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Day  of  Year 

Fig,  2.  Periodic  air  temperature  and  wind  speed  were  taken 
at  a  height  of  about  19  meters. 

and  frozen  [3],  Once  freeze-up  occurs,  multiyear  signatures 
are  found  to  stabilize  at  about  -9.5  dB.  Based  on  SAR  image 
analysis,  the  level  shifts  in  total  image  backscatter  which 
occur  after  mid  September  are  associated  with  the  divergence 
in  the  ice  fields  after  storms  and  the  filling  in  of  the 
divergence  areas  with  newly  produced  ice.  As  the  fraction  of 
the  ice  field  in  first  year  ice  increases  the  total  image 
backscatter  decreases.  This  suggests  that  storms  may  be  the 
primary  mechanism  forcing  divergence  and  that  changes  in 
ice  fraction  may  occur  in  concert  with  storm  frequency. 

The  character  of  ice  fields  in  both  the  Chukchi  and 
Beaufort  as  observed  at  the  end  of  summer  is  illustrated  in 
the  25  August  SAR  image  shown  in  Fig.  3.  Over  a  region  of 
100  km  square,  there  is  great  homogeneity.  Modification  of 
this  character  began  6-14  September  in  association  with  a 
storm  which  produced  wind  speeds  of  1  Im/s.  Individual  floe 
structures  resulted  and  regions  of  newly  formed  ice  become  a 
small  percentage  of  the  ice  field.  By  mid  October,  it  is 
observed  that  the  old  ice  has  conglomerated  further  into 
masses  with  distinct  boundaries  which  is  frozen  into  a 
matrix  of  recently  formed  ice.  This  is  a  major  change  in 
character  and  is  illustrated  in  Fig.  4.  A  key  difference 
between  the  Beaufort  and  Chukchi  Sea  is  that  divergence  is 
less  constrained  in  the  Chukchi  Sea  and  that  the  size  of  the 
conglomerations  which  result  are  smaller  than  those 
observed  in  the  Beaufort  Sea. 

During  fall,  new  ice  is  produced.  In  situ  observations 
were  made  of  the  evolution  of  newly  formed  ice  and  of  the 
variety  of  new  ice  forms  present  in  the  region.  New  ice 
production  occurs  in  concert  with  the  divergence  of  the  ice 
fields  which  exposes  open  water  to  a  cold  atmosphere.  The 
production  of  new  ice  in  a  region  such  as  the  northern  extent 
of  the  Chukchi  Sea  is  very  much  a  dynamic  process.  How 
much  new  ice  is  produced,  how  long  it  survives,  and  its 


Fig.  3.  European  Space  Agency  SAR  (©)  image  of  ice  locate 
at  the  northern  extent  of  the  Chukchi  Sea  area  on  24  August 
1992  (73.8  N, -156  W). 


microwave  properties  have  one  thing  in  common,  they  are 
temporally  dynamic.  As  an  example,  the  variation  in  the 
signature  of  newly  produced  ice  is  shown  for  thicknesses 
from  3  to  20  cm  for  various  formation  states  in  Fig.  5.  Open 
water  driven  by  an  11  m/s  wind  is  provided  as  a  reference. 
Signature  are  shown  for  formation  conditions  which  include 
nilas,  frost  flower  covered  ice,  and  grey  ice.  This 
investigation  also  contributed  to  the  correlation  of 
backscatter  response  and  formation  state.  The  backscatter 
response  of  ice  is  often  dominated  by  it’s  surface  roughness 
and  formation  conditions  as  seen  in  the  time  series  response 
shown  in  Fig.  6  for  a  region  of  recently  formed  ice, 

CONCLUSIONS 

Utilizing  in  situ  physical  and  electromagnetic  property 
information  we  have  improved  our  understanding  of  the 
amplitude  and  textural  information  provided  in  ERS-1  SAR 
products  of  sea  ice  in  the  Chukchi  Sea.  ERS-1  SAR  data  are 
used  to  document  the  transition  from  summer-melt  to  fall 
freeze-up  conditions.  Sea  ice  conditions  and  microwave 
properties  observed  about  the  ship  during  the  cruise  provide 
guidance  of  the  important  mechanisms  at  play.  Comparisons 
of  ERS-1  SAR  products  of  the  Beaufort  Sea  and  the  northern 
Chukchi  Sea  shows  that  differences  in  SAR  image  character 
is  attributable  to  floe  size.  This  difference  is  found  to  be 
associated  with  how  these  two  ice  fields  respond  to 
meteorological  forcing. 
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Fig.  4.  European  Space  Agency  SAR  image  (©)  of  ice 
located  at  the  northern  extent  of  the  Chukchi  Sea  on  11 
October  1992  (75.2  N,  -159  W). 


The  results  from  this  investigation  support  a  quantitative 
assessment  of  the  ability  of  satellite  SAR  to  map  Chukchi 
and  Western  Beaufort  Sea  ice  types,  and  potentially 
thickness,  for  the  fall  freeze-up  condition. 
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Fig.  5.  The  signature  of  newly  produced  ice  is  shown  at  W 
and  VH  polarizations  for  various  formation  conditions. 
Legend:  N-  nilas,  S-smooth,  30-30  mm,  s-sparse  coverage, 
FF-frost  flowers,  G-grey,  10-10  cm,  GW-grey  white. 


Fig.  6.  The  backscatter  response  of  ice  is  often  dominated  by 
it’s  surface  roughness  and  formation  conditions  as  seen  in 
this  time  series  response  for  a  region  of  recently  formed  ice. 
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Abstract  —  For  purposes  of  verifying  inverse  and  forward 
scattering  models  for  sea  ice,  and  to  develop  a  better 
understanding  of  scattering  and  emission  behaviors  from  sea 
ice,  a  target  is  built  whose  dielectric  properties  are  similar  to 
those  of  sea  ice.  This  paper  briefly  describes  the  investigation 
of  materials  leading  to  the  construction  of  a  12  layer  epoxy 
target,  dielectric  measurements  regarding  how  well  this  target 
followed  the  desired  dielectric  profile,  and  microwave 
measurements  of  the  target  made  using  several  bistatic  angles, 

INTRODUCTION 

In  the  past,  numerous  measurements  were  made  in  order 
to  determine  and  quantify  important  scattering  and  emission 
mechanisms  of  sea  ice.  During  the  initial  phase  of  these 
activities,  field  campaigns  determined  and  quantified 
fundamental  differences  in  scattering  and  emission  behaviors 
between  different  types  of  ice.  It  was  later  found  that  the 
structural  and  electrical  complexity  and  spatial  variability  of 
natural  sea  ice  precluded  more  detailed  studies  of  scattering 
and  emission  behaviors  in  the  field.[l] 

This  led  to  research  conducted  in  facilities  such  as  the  US 
Army  Cold  Regions  Research  and  Engineering  Laboratory 
(CRREL).  Though  these  have  led  to  a  better  understanding  of 
a  number  of  scattering  and  emission  behaviors  from  sea  ice, 
the  structural  and  electrical  characteristics  of  laboratory  ice 
are  sufficiently  complex  that  some  important  questions  have 
not  been  answered.[2]-[3] 

These  unanswered  questions  include  the  structural  and 
electrical  parameters  of  sea  ice  which  can  be  retrieved  from  a 
set  of  remote  sensing  data.  In  addition,  what  frequencies, 
polarizations,  and  angular  geometries  are  needed  to  obtain  the 
best  retrieval  of  these  parameters.  The  specific  mechanisms 
which  cause  dense  medium  scattering  to  deviate  from  the 
well-known  sparse  medium  scattering  behavior  also  need  to 
be  determined.  There  is  also  the  question  of  whether  brine 
and  air  pockets  in  sea  ice  can  be  adequately  modeled  by  a 
monodispersion  or  polydispersion  of  spheres,  or  whether  the 
use  of  ellipsoids  is  necessary. 

Some  of  these  questions  may  better  be  answered  by 
performing  microwave  measurements  of  man-made  targets 
that  are  fabricated  so  as  to  incorporate  only  those  parameters 
that  are  thought  to  have  the  greatest  influence  on 
scattering/emission  from  sea  ice.  To  this  end,  the  Wave 
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Scattering  Research  Center  (WSRC)  at  the  University  of 
Texas  at  Arlington  (UTA)  has  undertaken  the  construction  of 
sea  ice-like  media  using  epoxy  mixed  with  filler  so  as  to 
create  the  desired  dielectric  profile  corresponding  to  various 
types  of  sea  ice. 

Using  this  approach  is  expected  to  lead  to  improved 
quantitative  interpretations  as  to  how  well  the  models 
perform,  as  opposed  to  parameter  retrieval  for  actual  ice 
which,  due  to  its  complex  structure,  almost  always  permits 
considerable  leeway  in  interpretation,  often  making  it  unclear 
as  to  how  well  the  models  actually  worked. 

EXPERIMENTAL  APPROACH 

In  order  to  find  a  suitable  material  which  could  be  used 
for  construction  of  the  target,  a  study  was  made  of 
commercially  available  materials  which  could  be  easily 
molded  into  the  appropriate  shape.  The  second  phase 
consisted  of  identifying  a  number  of  filler  materials  which 
could  be  added  to  these  other  base  materials  in  order  to  vary 
both  the  magnitude  and  loss  of  the  dielectric  constants. 

A  wide  variety  of  base  materials  were  allowed  to  harden 
in  small  containers,  followed  by  the  measurement  of  their 
dielectric  constants  using  a  Hewlett  Packard  HP85070A 
Dielectric  Probe  Kit.  In  addition  to  the  values  of  the 
dielectric  constants,  other  factors  were  noted  as  well,  such  as 
the  amount  of  time  required  for  the  material  to  cure  or  harden 
into  the  desired  shape,  and  whether  the  material  cracked  or 
developed  other  undesired  imperfections  upon  reaching  its 
final  state.  Among  these,  materials  such  as  caulking  and 
mending-type  substances  were  rejected  due  to  their  tendency, 
when  used  in  large  volumes,  to  take  several  days  to  cure  and 
then  to  crack  or  otherwise  deform  upon  hardening. 

The  most  favorable  materials  investigated  were  epoxies, 
which  are  available  in  large  quantities  at  reasonable  cost.  In 
addition,  these  epoxies,  created  by  mixing  a  resin  with  a 
hardener  material,  have  permittivities  only  slightly  lower  than 
sea  ice,  with  relatively  low  loss.  The  final  choice  of  epoxy 
was  a  Shell  product,  the  liquid  resin  EPON  828,  with  its 
corresponding  Epicure  3140  hardener,  which  are  available  for 
an  effective  cost  of  less  than  $60  per  mixed  gallon.  The  base 
mixture  consists  of  2  parts  of  resin  to  1  part  of  hardener,  and 
has  a  dielectric  constant  which  varies  from  3.09-j0.09  at  3 
GHz,  to  2.93-j0.19at  18GHz. 
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The  second  phase  of  the  materials  research  involved  the 
investigation  of  various  materials  available  in  powdered  form, 
which  have  dielectric  constants  with  magnitudes  and  losses 
which  are  greater  than  the  base  epoxy.  Thus  by  adding  these 
materials  to  the  epoxy  in  varying  quantities,  a  desired 
dielectric  property  can  be  achieved.  The  dielectric  properties 
of  materials  such  as  mica  and  aluminum  oxides  were 
measured,  and  then  the  material  was  mixed  with  the  epoxy  at 
various  concentrations.  These  samples  were  then  measured  as 
well,  and  plots  of  the  dielectric  constant  versus  the  amount  of 
the  material  added  were  obtained. 

The  most  suitable  filler  material  was  activated  carbon 
available  in  a  325-Mesh  powder  form.  When  added  to  the 
Shell  epoxy,  the  dielectric  constant  is  raised  to  the  values 
given  in  Table  1,  by  varying  the  concentrations  as  shown. 


Table  1.  Dielectric  Constant  of  828  Epoxy  as  a  Function  of 
Frequency  and  Concentration  of  Carbon  Filler. 


2:1:X 

X=0.25  parts  carb. 
X=0.50  parts  carb. 
X=1.00  parts  carb. 


3GHz 

4.10-j0.14 

5.06-j0.15 

12.9-j0.50 


9GHz 

3.95-j0.36 

4.80-j0.46 

12.2-jl.30 


18GHz 

3.85-j0.32 

4.68-j0.40 

12.2-jl.OO 


With  the  choice  of  filler  narrowed  to  carbon,  and  the  base 
material  chosen  as  828  epoxy,  experiments  were  then 
conducted  to  develop  more  information  on  the  variance  of  the 
dielectric  constant  for  various  concentrations  of  carbon.  In 
addition,  several  small  prototype  layers  were  poured  to 
achieve  the  desired  dielectric  constant  profiles,  to  develop 
confidence  both  in  the  results  and  in  the  mixing  procedures. 


TARGET  DESCRIPTION 

A  sea  ice  profile  was  designed  for  a  frequency  of  4GHz, 
consisting  of  12  layers  of  1cm  thickness.  Fig.  1  shows  the 
real  part  of  the  dielectric  constant,  and  Fig.  2  shows  the 
imaginary  component.  The  expected  profile  for  the  real  part 
is  the  same  as  the  desired  profile.  The  imaginary  portion  is 
driven  by  the  corresponding  real  values  for  a  given 
concentration,  and  thus  the  expected  imaginary  values  are  not 
the  same  as  the  desired  profile. 

The  designed  profile  was  achieved  by  pouring  one  layer  at 
a  time  into  a  circular  form,  making  sure  each  layer  spread  out 
to  a  uniform  depth.  For  the  first  few  layers,  a  24  hour  curing 
time  was  used,  but  it  was  quickly  determined  that  two  layers 
could  be  poured  in  a  24  hour  time  frame,  one  in  the  morning 
and  one  at  night. 

The  materials  for  each  layer  were  combined  by  parts  by 
weighing  the  container  into  which  each  portion  was  added, 
until  the  weight  equal  to  that  calculated  had  been  reached. 
Mixing  was  achieved  using  a  large  paint-mixing  bit  in 
conjunction  with  a  variable  speed  electric  drill.  Initial  layers 
were  somewhat  thinner  than  designed  as  no  material  losses 
had  been  accounted  for  in  the  pouring  process.  The  epoxy 
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Fig.  1.  Real  dielectric  constant  versus  depth  for  designed, 
expected,  and  measured  profiles. 

resin  and  hardener  have  the  consistency  of  a  very  thick 
molasses,  and  the  resulting  combination  with  the  carbon 
results  in  a  very  viscous  material  which  pours  and  spreads 
very  slowly.  Some  material  losses  are  inevitable.  By 
increasing  the  mixture  amount  to  account  for  this  waste,  the 
desired  thickness  can  be  achieved. 

The  resulting  target,  shown  in  Fig.  3,  is  4  feet  in 
diameter,  4.7  inches  thick,  and  weighs  about  250  lbs.  The 


Desired  — • — Ejected  •■'•^Measured 


Depth  (cm) 

Fig.  2,  Imaginary  dielectric  constant  versus  depth  for 
designed,  expected,  and  measured  profiles. 
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extraction  of  the  target  from  the  form  proved  easier  than 
anticipated,  as  the  form  had  been  initially  sprayed  with 
silicone.  In  a  few  areas  on  the  bottom  corners  the  epoxy 
mixture  had  seeped  under  the  aluminum  foil  used  on  the 
bottom  of  the  form,  making  it  somewhat  difficult  to  remove 
the  foil,  but  this  was  accomplished  with  minimal  target 
deformation. 

MEASUREMENT  RESULTS 

RCS  measurements  were  made  in  the  Wave  Scattering 
Research  Center’s  anechoic  chamber.  Pictured  in  Fig,  3  is  the 
epoxy  target  positioned  on  the  pedestal,  located  in  the  center 
of  a  quarter  sphere  shown  in  the  background.  Broadband 
conical  antennas  are  located  at  various  positions  around  the 
quarter  sphere  to  give  a  wide  range  of  bistatic  angles.  The 
transmit  antenna,  not  shown,  is  located  to  the  upper  right  of 
the  picture,  at  an  angle  of  45°.  Measurements  were  made 
with  a  Hewlett  Packard  HP8510A  vector  network  analyzer. 

For  the  measurements  made,  the  displaced  antenna 
calibration  approach  was  used.[4]  This  entails  calibrating  the 
receive  antenna  at  a  bistatic  position  which  will  result  in  a 
good  calibration  for  all  4  polarizations:  VV,  VH,  HV,  and 
HH.  The  antenna,  which  is  attached  to  a  20ft.  phase  stable 
cable,  is  then  moved  to  various  locations  where  the  target  and 
background  measurements  are  made.  All  target 
measurements  were  made  rotating  the  target  into  10  equal 
azimuthal  positions,  each  36°  apart.  These  are  then  averaged 
to  obtain  the  radar  cross  section  plots  of  Fig.  4. 

Measurements  were  made  using  several  bistatic  angles, 
but  due  to  the  absence  of  discrete  scatterers  and  to  the  layered 
nature  of  the  target,  appreciable  scattering  is  noticeable  only 
near  and  around  the  specular  region.  Fig,  4  shows  several 
results  over  13-17GHz  near  the  specular  direction.  Results 
show  substantial  agreement  with  predictions  of  a  simple  layer 
model. 

DISCUSSION 


This  initial  synthetic  target  was  developed  to  demonstrate 
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Fig.  4.  RCS  values  for  various  angles  near  specular. 

the  feasibility  of  simulating  a  sea  ice-like  profile  using 
commonly  available  materials.  This  target  will  be  used  as  a 
standard  against  which  the  results  of  other  scatterer 
containing  targets  can  be  compared. 

These  future  activities  will  include  the  addition  of 
scatterers  into  the  target.  The  goal  will  be  the  simulation  of 
air  pockets  and  brine  pockets  which  are  found  in  sea  ice,  by 
the  addition  of  various  types  of  material  such  as  foam  spheres 
or  metal-coated  spheres. 
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Abstract— A  sea  ice  dynamics/thermodynamics  model  is 
validated  using  a  one-year  time  series  of  data  from  the  C- 
band  Synthetic  Aperture  Radar  (SAR)  instrument  aboard 
Earth  Resources  Satellite  1  (ERS-1).  Common  validation 
problems  using  geophysical  parameter  estimates  produced 
by  operational  algorithms  are  avoided  by  coupling  a  simple 
backscatter  model  to  the  physical  model  to  generate  a  time 
series  of  estimated  SAR  backscatter  values,  which  can  be 
directly  compared  to  the  observed  time  series.  Conq)arison 
of  actual  and  estimated  SAR  backscatter  shows  good 
agreement  during  the  winter  and  spring  seasons.  Differences 
during  the  summer  and  early  autumn  period  are  attributed  to 
surficial  changes,  namely  wet  snow,  meltponds,  and  young 
ice  covered  by  frost  flowers,  that  are  not  included  in  the  ice 
physics  model  but  affect  the  C-band  backscatter.  After 
adding  these  effects  to  the  backscatter  model,  very  good 
agreement  is  observed  throughout  the  year  between  the  sea 
ice/backscatter  model  and  the  ERS-1  time  series,  with  RMS 
differences  about  10%  of  the  full  range  of  backscatter  values. 
The  paper  denx)nstrates  the  utility  of  the  forward  simulation 
approach  for  model  validation  and  discusses  potential  future 
inprovenients  and  applications. 

1.  INTRODUCTION 

Numerical  models  have  been  increasingly  used  in  studies  of 
sea  ice.  As  the  General  Circulation  Models  (GCMs)  used  for 
global  climate  simulations  become  more  detailed,  sea  ice 
models  have  become  important  components.  These  models 
must  be  validated  (i.e.,  have  their  predictions  conpared  with 
reality)  before  they  can  be  used.  A  typical  approach  to 
validation  is  to  compare  model-generated  estimates  of  such 
variables  as  ice  concentration  and  extent  with  those  obtained 
from  satellite-borne  sensors,  particularly  microwave  sensors. 
A  major  difficulty  is  that  errors  in  the  model  predictions, 
combined  with  errors  in  the  geophysical  parameter  estimates 
from  the  remote  sensing  data,  render  a  direct  comparison  of 
predictions  and  observations  problematic.  The  research 
described  in  this  paper  has  had,  as  its  primary  goal,  the 
development  of  an  alternative  strategy  for  validating  sea  ice 
models  with  SAR  data.  SAR  instruments  offer  high  spatial 
resolution  and  have  a  demonstrated  ability  to  respond  to  the 
changes  in  sea  ice  as  it  grows  and  melts  [1].  Our  strategy  is 
to  couple  a  simple  backscatter  model  to  a  physical  sea  ice 
model  and  compare  estimates  of  the  radar  backscatter  the 
sensor  would  receive  to  the  actual  observed  backscatter. 
With  this  approach,  the  ambiguities  inherent  in  statistical 
geophysical  parameter  estimation  algorithms  can  be  avoided 
and  a  more  accurate  validation  of  the  model  performed.  This 
technique  has  been  successfully  used  in  other  contexts,  most 
notably  in  retrieving  atmospheric  temperature  and  water 
vapor  profiles  from  satellite-borne  sounders  [2]  and  detecting 
areas  of  snowmelt  on  the  Greenland  ice  sheet  [3] . 
0-7803-3068-4/96$5.00©1996  IEEE 


2.  APPROACH 

An  area  in  the  Beaufort  Sea  at  at  78®  N,  153®  W  (Fig.  1)  that 
had  high  variability  in  ice  concentration  estimates  from 
visible  and  passive  microwave  sensors  and  thickness 
estimates  from  submarine  sonar  data  was  selected  as  the 
study  location.  A  series  of  32  low-resolution  (100  m)  ERS-1 
C-band  SAR  images  covering  the  study  area  from  October 
1991  to  November  1992  was  obtained  from  the  Alaska  SAR 
Facility  (ASF)  and  calibrated  using  the  operational  ASF 
algorithm  [4], 


Figure  1  Location  of  the  study  area  in  the  Beaufort  Sea 


Simulations  of  the  Arctic  ice  cover  were  performed  using  a 
two-layer  thermodynamic  ice  model  based  on  the  original 
formulations  of  Hibler  and  Walsh  [5]  with  revised 
parametrizations  of  downwelling  radiation.  Separate 
thermodynamic  and  dynamic  calculations  were  done  for  first 
year  ice,  second-year  ice,  and  multiyear  ice.  Model  runs 
were  carried  out  at  160  km  spatial  resolution  with  a  24 -hour 
time  step  over  the  entire  13-month  study  period.  Daily 
geostrophic  winds  estimated  from  National  Meteorologies 
Center  (NMC)  air  pressures  were  used  to  drive  the  model. 
Other  forcings  included  climatological  air  tenperatures  and 
humidity  and  oceanic  heat  flux  and  geostrophic  ocean 
currents. 

After  the  model  run  was  completed,  model  output  for  the 
study  location  was  extracted.  In  general,  this  time  series  of 
surface  cover  (shown  in  Fig.  2)  is  consistent  with  observed 
long-term  averages  from  passive  microwave  instruments  [6] 
and  shows  temporal  changes  (i.e.,  the  increase  of  open  water 
(OW)  and  decrease  of  multiyear  (MY)  ice  during  the 
summer,  the  disappearance  of  first-year  (FY)  ice  in  the 
summer,  and  large  amounts  of  FY  ice  forming  in  the  autumn) 
that  would  be  expected  in  typical  pack  ice. 
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Figure  2.  Time  series  of  coverage  for  open  water,  first- 

year  ice,  and  multiyear  ice  from  the  sea  ice  model. 

In  order  to  validate  the  output  of  the  ice  physics  model 
against  ERS-1  SAR  data,  we  developed  a  simple  model  of 
the  mean  C-band  backscatter  of  the  grid  point  containing  the 
study  domain.  If  only  OW,  FY  ice,  and  MY  ice  are 
considered,  the  average  backscatter  of  the  entire  scene  (o^)  is 
given  by 

=  a^owAow  +  oOfyAfy  +  o^myAmy  (1) 

where  oOow,o^^fy,  and  o^my  are  the  backscatter 
contributions  for  open  water,  first  year,  and  multiyear  ice 
respectively;  and  Aow,  Afy,  and  Amy  are  the  corresponding 
areal  fractions  covered  by  each  surface  type  (obtained  from 
the  ice  model). 

The  backscatter  of  MY  ice  varies  on  short  time  scales  [7],  and 
to  eliminate  this  variation  as  a  source  of  error  we  obtained 
values  for  g^my  by  sampling  the  backscatter  of  several  MY 
floes  in  each  SAR  image  in  which  distinct  floes  were  visible. 
For  FY  backscatter,  such  a  sampling  procedure  is  impractical, 
and  a  constant  value  of  -16.0  dB  for  cy%Y  was  chosen  based 
on  the  results  of  a  recent  study  comparing  Landsat  and  ERS- 
1  SAR  data  [8].  Finally,  the  backscatter  of  open  ocean  areas 
is  known  to  vary  with  wind  speed  due  to  the  formation  of 
capillary  waves  on  the  ocean  surface.  To  determine  c^ow, 
we  used  a  formula  developed  empirically  by  Wismann  [9] 
relating  open  ocean  backscatter  to  the  wind  speed. 

3.  RESULTS 

Fig.  3  shows  both  the  estimated  and  actual  SAR  backscatter 
values  through  the  study  period.  Agreement  between  the  two 
is  clearly  seasonally  dependent.  During  the  late  autumn, 
winter,  and  early  spring  (November  through  May), 
agreement  between  the  estimated  and  actual  SAR  time  series 
is  quite  good.  The  combined  model  substantially 
overestimates  the  backscatter  during  the  summer  and 
underestimates  it  during  the  winter.  We  attribute  these 
differences  to  physical  changes  in  the  sea  ice  that  affect  the 
observed  SAR  signal,  but  are  not  incorporated  into  the 
model.  The  first  is  the  melting  of  the  snow  cover  at  the  start 
of  summer,  which  has  been  noted  to  cause  a  large  drop  in 
backscatter  values  [1].  The  second  is  the  formation  of 
meltponds  which,  being  liquid,  would  tend  to  have  wind 
speed-dependent  backscatter  values  closer  to  open  water  than 
sea  ice.  Supporting  this  hypothesis,  concurrent  variations  in 


backscatter  and  wind  speed  were  observed  in  the  actual  SAR 
time  series.  The  third  surface  change  is  the  formation,  under 
particular  atmospheric  conditions  (namely  a  large  air/surface 
temperature  contrast  and  atmospheric  supersaturation),  of 
crystalline  "frost  flowers"  on  young  ice  [10].  Well-developed 
frost  flower  populations  have  been  shown  to  increase  the 
backscatter  of  young  ice  by  as  much  as  12-15  dB  [1],  In 
images  taken  during  the  freezeup  period,  high-backscatter 
areas  appear  between  MY  floes,  supporting  this  explanation. 


1991  1992 

Figure  3.  Comparison  between  actual  ERS-1  SAR 

backscatter  time  series  and  estimates  from  the  ice  model. 

By  incorporating  these  three  major  surficial  changes  into  the 
backscatter  model,  their  effects  on  the  observed  SAR  time 
series  can  be  evaluated  and  a  more  accurate  validation  lest  of 
the  ice  model  performed.  By  considering  them  as  new 
surface  types,  (1)  above  can  be  rewritten  as 

=  g^owAow  +  g%y  Afy  +  g^myAmy  (2) 

+  g^wsAws  +  G^mpAmP  +  G^FfAff 
where  Aws*  Amp,  and  Aff  are  the  fractions  of  the  scene  that 
are  covered  by  wet  snow,  meltponds,  and  frost  flowers  on 
young  ice  respectively  and  G^ws,  ct^mp,  and  g^ff  are  the 
corresponding  backscatter  values. 

Based  on  snow  depth  statistics  gathered  in  the  southern 
Beaufort  Sea  we  estimated  a  value  of  0.42  for  the  fraction  of 
MY  ice  covered  by  snow  with  a  depth  large  enough  to  affect 
the  SAR  signal.  Aws  is  set  to  this  value  at  the  start  of  the 
summer  and  decreases  linearly  with  time  to  zero  on  the  date 
the  meltponds  reach  their  maximum  size.  G^s  is  very  low 
(the  water  acting  as  a  near-perfect  absorber)  and  we  used  a 
constant  value  of  -22.0  dB.  Water  from  melting  snow  collects 
in  areas  of  low  ice  topography  until  mid-summer  after  which 
it  drains  into  the  ocean.  Amp  is  set  to  0  at  the  beginning  of 
summer,  after  which  it  increases  linearly  to  a  maximum  value 
(0.29,  from  measurements  made  by  the  authors  as  part  of  the 
1993  Seasonal  Sea  Ice  Monitoring  Site  (SIMMS)  field 
program)  and  then  decreases  linearly  to  0  at  the  end  of  the 
summer.  Since  meltponds  are  liquid  water  pools  open  to  the 
surface,  their  backscatter  is  dominated  by  wind-driven 
capillary  waves  just  as  for  open  ocean,  and  g^mp  was  set 
equal  to  G^ow.  To  capture  the  effects  of  frost  flowers,  we 
moved  all  the  new  FY  ice  to  the  FF  category  whenever  the 
surface  temperature  is  below  -lO^C.  On  the  basis  of  a 
statistical  analysis  of  sampled  points,  a  value  of  -6.0  dB  was 
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4.  CONCLUSIONS 


used  for  cf%f.  After  inclusion  of  all  three  new  surface  types 
in  the  backscatter  model,  the  time  series  of  surface  cover 
shown  in  Fig.  4  was  obtained. 
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Figure  4.  Time  series  of  coverage  by  six  different  surface 
types  used  for  the  final  ice/backscatter  model.  Types 
included  are  open  water,  first-year  ice,  multiyear  ice,  frost- 
flower-covered  young  ice,  wet  snow,  and  meltponds. 


The  most  important  conclusion  of  our  research  is  that  the  use 
of  even  a  simple  backscatter  model  coupled  to  a  model  of  ice 
physics  is  a  valuable  validation  tool.  We  were  able,  using  this 
approach,  to  show  that  the  performance  of  one  particular  ice 
m^el  during  winter  and  spring  is  quite  good.  Discrepancies 
between  the  observed  and  estimated  backscatter  in  other 
seasons  were  examined  and  identified  as  being  due  primarily 
to  surficial  changes  that  are  not  included  in  the  ice  model  but 
affect  the  SAR  signal.  By  incorporating  these  effects  in  the 
backscatter  model,  we  were  able  to  confirm  that  the  good 
performance  of  the  ice  model  continues  through  the  melt  and 
freeze-up  portions  of  the  annual  cycle.  Finally,  we  obtained  a 
time  series  of  surface  cover  in  the  Beaufort  Sea  that  can  be 
demonstrated  as  accurate  within  about  10%  by  comparison 
with  observed  SAR  data.  We  would  like  to  aclmowledge  the 
ASF  Distributed  Active  Archive  Center  (DAAC)  for 
supplying  the  digital  ERS-1  SAR  data  used  in  this  study  and 
the  National  Aeronautics  and  Space  Administration 
(NASA),  which  supported  our  research  under  NASA  Grant 
NAGW-2598. 


Fig.  5  shows  the  mean  backscatter  estimated  by  the  modified 
physical/backscatter  model  compared  with  tlie  actual  ERS-1 
SAR  time  series.  The  improved  fit  during  the  melt  and 
freezeup  periods  is  obvious,  although  a  few  individual  days 
with  large  differences  can  be  seen.  In  most  cases,  these  are 
days  on  which  the  NMC  geostrophic  wind  speeds  are  high 
but  no  corresponding  high-backscatter  open  water  areas  are 
observed  in  the  SAR  imagery.  From  this,  we  conclude  that 
either  the  derived  NMC  winds  are  in  error  or  the  time 
difference  between  the  NMC  analysis  and  the  satellite 
observation  was  sufficient  for  the  wind  speed  to  vary. 


Figure  5.  Comparison  between  actual  ERS-1  SAR 
backscatter  time  series  and  estimates  from  the  modified 
ice/backscatter  model. 

The  RMS  difference  between  the  estimated  and  actual  SAR 
time  series  is  0.69  dB,  approximately  10%  of  the  full  range  of 
observed  backscatter  values.  We  interpret  this  as  an  upper 
limit  on  the  error  of  the  surface  cover  fractions  of  the  ice 
model.  The  average  difference  between  the  actual  and 
estimated  SAR  bacfecatter  values  is  0.18  dB,  indicating  that 
there  is  no  significant  overall  bias  in  the  comparison. 
Sensitivity  studies  showed  that  the  inclusion  of  wet  snow  had 
the  greatest  beneficial  effect,  followed  by  meltponds. 
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ABSTRACT  -  Over  sea  ice,  the  shift  from  predominantly 
clear  conditions  in  winter  to  persistent  stratus  cloud  cover  in 
late  spring  and  early  summer  coincides  with  a  dramatic 
increase  in  the  net  radiation  balance  at  the  sea  ice  surface. 
Transformation  of  the  boundary  layer  climate  and  the 
geophysical  properties  of  the  snow  covered  sea  ice  result 
from  this  cloud-induced  rise  in  surface  energy  balance.  In 
this  paper  we  examine  the  extent  to  which  changes  in  surface 
radiation,  sea  ice  physical  and  electrical  properties,  and 
microwave  scattering  are  a  function  of  clear  versus  cloudy 
conditions  over  first-year  and  multi-year  sea  ice  types. 

INTRODUCTION 

The  impacts  of  cloud  on  the  surface  radiation  balance  of 
sea  ice  have  been  well  documented.  The  arrival  of  increasing 
cloudiness  in  the  Arctic  in  the  later  stages  of  winter  has 
marked  effects  on  the  radiation  regime  over  sea  ice.  Over 
high  albedo  surfaces,  cloud  cover  results  in  an  increase  in  the 
net  radiation  balance  at  the  surface.  This  has  lead  many 
studies  to  conclude  that  cloudiness  is  a  critical  factor  in 
determining  the  survival  rate  of  snow  and  ice  cover  in  high 
latitudes.  Net  radiation  at  the  surface  is  the  primary  vehicle 
for  facilitating  physical  (and  thereby  dielectrical)  changes  in 
the  ocean-sea  ice-atmosphere  interface. 

Active  microwave  remote  sensing  of  sea  ice  is  a  mature 
science  in  the  areas  of  tactical  marine  navigation  and  ice 
kinematics  and  is  an  active  research  field  in  the  areas  of 
climatology  and  global  change  research.  A  commonly  held 
axiom  is  that  synthetic  aperture  radar  (SAR)  at  5.3  GHz  is  not 
affected  by  cloud  cover.  By  stating  that  a  relationship  exists 
between  the  influence  of  clouds  on  surface  energy  balance 
and  the  ability  of  microwave  remote  sensing  to  detect  these 
changes,  it  is  implied  that  a  shift  from  clear  to  overcast 
conditions  is  accompanied  by  changes  in  sea  ice  physical 
and/or  electrical  properties  which  have  the  potential  to  affect 
microwave  scattering. 

In  this  work  we  consider  a  specific  subset  of  the  seasonal 
co-evolution  of  physical,  electrical,  energy  balance,  and 
microwave  scattering  characteristics  by  specifically 
examining  the  influence  of  clouds  within  the  later  portion  of 
the  winter  season  (i.e.,  air  temperatures  less  than  -10°C).  We 
investigate  two  sites  (first-year  and  multi-year)  under 
completely  clear  and  100  percent  overcast  (stratus  cloud) 
conditions.  A  relationship  is  sought  between  physical 
property  changes  induced  by  cloud  cover,  associated 
dielectric  changes  in  the  snow  cover  and  corresponding 
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variations  in  the  microwave  scattering  coefficient  (a®).  This 
knowledge  will  assist  in  determining  the  physical 
mechanisms  responsible  for  any  observed  change  in 
microwave  scattering  and  will  provide  a  preliminary  step 
required  to  exploit  space  borne  microwave  remote  sensing 
data  in  the  measurement  of  sea  ice  energy  balance 
characteristics  under  clear  and  cloudy  conditions.  In  specific, 
we  address  the  following  questions: 

1)  Is  there  a  detectable  change  in  the  average  scattering 

coefficient  (ct°)  of  the  snow  and/or  sea  ice  within  the 
case  study  contrasts? 

2) .  Is  there  a  detectable  change  in  the  physical  and/or 

electrical  properties  of  the  snow  covered  sea  ice  within 
the  case  study  contrasts? 

METHODS 

Data  used  in  this  investigation  were  collected  during  the 
Seasonal  Sea  Ice  Monitoring  and  Modeling  Site 
(SIMMS’93)  experiment  [1].  Detailed  physical,  electrical, 
and  energy  balance  variables  were  measured  at  a  multi¬ 
year  (MYl)  and  first-year  (FYl)  sea  ice  sites  (Fig.  1)  over 
the  period  22  April  to  20  June,  1993.  Detailed  methods  are 
available  elsewhere  [2]. 


Fig.  1  SIMMS '93  Sampling  Area. 
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RESULTS  AND  DISCUSSION 

In  our  first  objective  we  investigate  whether  there  is  a 
detectable  change  in  the  average  scattering  coefficient  (c°)  of 
the  snow  covered  sea  ice  between  the  clear  and  cloudy  case 
study  contrasts.  The  analysis  of  variance  (Table  1)  indicates 
that  there  is  a  significant  effect  of  both  ‘Site’  and  ‘Date’  in 
the  difference  of  means  amongst  the  clear  and  cloudy  sites. 
There  also  appears  to  be  a  significant  interaction  between 
‘Site’  and  ‘Date’  (P<0.0001;  Table  1).  Pairwise  comparison 
of  the  box  plots  of  a®  (Fig  2)  indicate  that  a  statistically 
significant  difference  occurred  for  cloudy  versus  clear  over 
the  first-year  sea  ice  (FYl  P=0.006)  and  no  statistical 
difference  was  observed  for  the  multi-year  sea  ice  contrast 
(MYl  P=0.999).  Of  the  other  two  FY  sites  only  FY2  showed 
a  statistically  detectable  difference  (P=0.0001).  The  FY3  site 
was  slightly  rougher  (surface  roughness  on  the  order  of  2  cm) 
and  it  showed  no  detectable  difference  between  clear  and 
cloudy  conditions  (P=0.737).  The  other  multi-year  sites 
(MY2  and  second  year  ice  (S  YI))  showed  no  detectable  effect 
of  the  cloud  cover  on  a°. 

Table  1.  Analysis  of  Variance  results  for  the  effect  of  ‘Date’ 
and  ‘Site’  on  the  average  scattering  coefficient  (ct°) 


DF  Sum  of  Squares  Mean  Square  F-Value  P-Value 

■Site - 3 - - 1711.952  203T.328  <.'0001 

Date  1  21.604  21.604  25.712  <.0001 

Site*  Date  5  47.594  9.519  11.329  <.0001 


FYl  FY2  FY3  MYl  MY2  SYI 

M6vsM9  M6vsM9  M6vsM9  MSvsM9  M6vsM9  M6vsM9 


Fig.  2.  Effect  of  Cloud  on  the  ERS-1  Average  Scattering 
Coefficient  (a^)  of  first- year  ice  and  multi-year  sea  ice.  P- 
values  are  denoted  above  each  pair  of  box  plots  illustrating 
the  statistical  significance  of  the  clear  versus  cloudy 
contrasts. 

These  results  indicate  that  cloud  cover  appears  to  affect  the 
scattering  coefficient  from  smooth  first-year  sea  ice  but  not 
for  slightly  rough  first-year  or  multi-year  sea  ice  (Fig.  2). 
This  suggests  that  the  cloud  effect  is  manifested  in  a  level  of 
scattering  lower  than  the  volume  contribution  from  the 
surface  layer  in  the  multi-year  forms  or  from  the  higher 
surface  scattering  created  from  the  rougher  first-year  ice 
surface  geometry.  Throughout  the  entire  ERS-1  sub  scene 
the  change  in  between  clear  and  cloudy  conditions  is  much 


larger  in  the  lower  magnitude  range  of  (Fig  3).  The 
bivariate  histogram  shows  that  there  is  agreement  in 
scattering  between  the  cloudy  and  clear  conditions  over  most 
of  the  range  in  from  about  -20  to  -6  dB.  The  most 
significant  departure  is  illustrated  by  an  increase  in  scattering 
in  the  May  9  (cloudy)  case  relative  to  the  May  6  (clear)  case 
(Fig.  3).  These  results  show  that  an  increase  in  scattering 
occurs  between  the  noise  floor  and  about  -20  dB  under  a 
cloudy  relative  to  a  clear  atmosphere. 


o“(dB)  -M^  6  (Gear) 

Fig.  3,  Clear  and  cloudy  ERS-1  subscene  bivariate  histogram 
showing  the  relative  change  in  a as  a  function  of  the 
magnitude  in  (dark  curve).  The  agreement  line  is  denoted 
as  the  diagonal  line  bounded  by  a  1.5  dB  error  envelope 
(shaded  box). 

In  our  second  objective  we  tested  to  determine  whether  a 
detectable  change  in  the  physical  and/or  electrical  properties 
of  the  snow  covered  sea  ice  occurred  between  the  case  study 
contrasts.  Results  of  the  Kolmogorov-Smirnoff  test  (Fig.  4) 
for  the  FYl  site  indicated  that  for  all  of  the  vertical  profile 
contrasts  only  snow  temperature  illustrated  a  statistically 
significant  difference  between  clear  and  cloudy  conditions 
(P=0.01;  Fig.  4).  All  the  other  variables  were  determined  to 
be  statistically  indistinguishable.  It  is  interesting  to  note 
however  that  the  volume  of  brine  increased  in  the  basal  layer 
of  the  snow  volume  (because  of  the  temperature  increase)  and 
that  the  permittivity  and  loss  increased  at  the  8  cm  level.  The 
change  in  the  dielectric  constant  at  the  8  cm  level  occurred  at 
the  surface  of  the  original  snow  layer  (i.e.,  above  this  point 
new  snow  was  deposited  during  the  SIMMS  experiment  and 
is  distinguishable  because  of  a  decreasing  density  towards  the 
surface  [Fig.  4D).  The  presence  of  a  small  amount  of  brine  at 
this  level  in  combination  with  the  relatively  high  density 
created  the  dielectric  change.  A  slight  increase  in  loss  at  the 
2cm  (basal  snow  layer)  and  the  ice  surface  (Fig.  4)  reflects 
the  increase  in  the  temperature  profile  in  both  the  snow  and 
ice  volumes.  Although  a  decrease  was  observed  for  grain 
size  in  the  basal  layer.(Fig.  4C)  we  consider  the  average 
change  observed  to  be  within  the  error  limits  of  the  method. 
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Fig.  4.  Profile  plots  of  first-year  (FYl)  snow  and  ice  surface 
salinity  (A),  brine  volume  (B),  average  grain  area  (C),  snow 
density  (D),  temperature  of  the  snow  volume  (E)  and  ice 
volume  (TO,  modelled  dielectric  permittivity  (G)  and  loss  (H). 
All  variables  were  measured  through  the  snow  and  sea  ice 
volumes  during  the  cloudy  and  clear  cases.  P- Values  (P)  are 
denoted  for  a  Kolmogorov-Smimov  test  of  the  difference  in 
the  profile  distributions  between  the  clear  and  cloudy  case 
contrasts. 


At  the  MYl  site  there  was  also  a  statistically 
distinguishable  change  in  the  profile  of  the  snow  temperature 
(P=0.05,  Fig.  5C)  but  not  for  the  ice  volume  temperature  (Fig. 
5D).  Although  there  was  a  slight  increase  in  both 
permittivity  and  loss  (particularly  within  the  upper  layers  of 
the  snow  volume),  the  magnitudes  were  considerably  smaller 
than  in  the  FYl  case.  No  significant  differences  were 
observed  for  either  snow  grain  size  (Fig.  5A)  or  density  (Fig. 
5B).  Both  permittivity  and  loss  were  statistically 
indistinguishable  between  the  cloudy  and  clear  cases  (Figs. 
5E  and  F).  Note  that  the  similarity  in  grain  size  and  density 
between  the  FY  and  MY  cases  and  the  lower  magnitudes  in 
permittivity  and  loss  for  the  MY  versus  the  FY  cases  (c.f.,  Fig 
4  and  5). 


12  l£  2  24  28  B003  .0006 
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Fig.  5  (right).  Profile  plots  of  multi-year  (MYl)  average 
snow  grain  area  (A),  snow  density  (B),  temperature  of  the 
snow  volume  (C)  and  ice  volume  (D),  modelled  dielectric 
permittivity  (E)  and  loss  (F).  All  variables  were  measured 
through  the  snow  and  sea  ice  volumes  during  the  cloudy  and 
clear  cases.  P- Values  (P)  are  denoted  for  a  Kolmogorov- 
Smimov  test  of  the  difference  in  the  profile  distributions 
between  the  clear  and  cloudy  case. 
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Abstract  -  During  April  1995  a  NASA  ER-2  high- altitude 
aircraft  carrying  a  Millimeter- Wave  Imaging  Radiometer 
(MIR)  made  two  flights  over  the  Bering  Sea  as  part  of  a 
mission  to  study  sea  ice  and  snow  for  improving  retrievals 
of  these  parameters  from  passive  microwave  radiometers. 
MIR  measures  radiances  at  89  GHz,  150  GHz,  three  fre¬ 
quencies  near  183  GHz,  and  at  220  GHz.  Sea  ice  features 
are  observable  at  all  frequencies  except  at  183  GHz,  be¬ 
cause  of  strong  atmospheric  water  vapor  absorption.  The 
radiometric  brightness  over  ice-free  ocean  increases  with 
frequency  as  expected,  but  the  situation  is  more  complex 
over  sea  ice. 


INTRODUCTION 

A  NASA  ER-2  high-altitude  aircraft  made  a  series  of 
flights  over  Alaska  and  the  Bering  Sea  in  April  1995  in 
support  of  seance  and  snow  algorithm  development  for 
the  NASA  MTPE  EOS  AMSR  and  MODIS  instrument 
science  teams.  The  two  primary  sensors  aboard  the  ER-2 
were  a  six-channel,  total  power  Millimeter-Wave  Imaging 
Radiometer  (MIR)  and  a  Moderate  Resolution  Imaging 
Spectroradiometer  Airborne  Simulator.  This  paper  re¬ 
ports  on  the  results  obtained  with  the  MIR  over  the  Bering 
Sea  ice  cover  on  April  8. 

Sea  ice  retrievals  from  satellite  passive  microwave  ra¬ 
diometers  are  sensitive  to  atmospheric  water  vapor  vari¬ 
ability.  This  is  particularly  the  case  in  the  vicinity  of  the 
ice  edge  and  in  marginal  sea  ice  zones  where  ice  concen¬ 
trations  are  low.  Some  studies  have  examined  the  effect 
of  water  vapor  variability  on  sea  ice  retrievals  at  lower 
frequencies  (18  and  37  GHz)  [1],  but  little  work  has  been 
done  at  higher  frequencies  (85  GHz  and  higher).  The  MIR 
range  of  frequencies  (89  GHz  to  220  GHz)  have  been  used 
previously  for  determining  water  vapor  profiles  over  the 
ocean  surface  [2]  and  may,  in  combination  with  the  lower 
frequency  channels  on  the  Defense  Meteorological  Satel¬ 
lite  Program  (DMSP)  Special  Sensor  Microwave/Imager 
(SSM/I),  also  be  useful  in  assessing  and  improving  cur¬ 
rent  methods  of  eliminating  the  effects  of  water  vapor 
variability  on  sea  ice  retrievals  [3].  This  paper  examines 
the  spectral  variation  of  MIR  radiances  over  the  Bering 
Sea  ice  cover  and  compares  this  variation  to  the  known 
properties  of  the  ice  cover  as  determined  from  the  DMSP 
SSM/I. 
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DATA 

The  DMSP  SSM/I  radiances  are  used  with  the  NASA 
Team  sea  ice  algorithms  [4,5]  to  provide  a  description  of 
the  Bering  Sea  ice  cover.  On  April  8  the  ice  cover  ex¬ 
tended  to  55.6^  N,  194®  E  in  the  southeastern  portion 
of  the  Bering  Sea  and  to  60®  N,  180®  E  in  the  western 
portion.  The  sea  ice  concentration  was  generally  high 
(85-100%),  except  in  the  marginal  ice  zone  and  in  coastal 
polynyas.  The  largest  coastal  polynya  was  located  south 
of  St.  Lawrence  Island  (SLI)  where  the  minimum  observed 
concentration  at  the  mapped  resolution  of  25  km  was  45%. 
From  the  NASA  thin  ice  algorithm  [5]  only  two  areas  along 
the  aircraft  flight  path  show  the  presence  of  new  and  young 
ice;  one  is  a  coastal  polynya  in  the  eastern  most  end  of 
Norton  Sound  and  the  other  is  the  SLI  polynya. 

The  ER-2  MIR  is  a  cross-track  scanner  that  has  a  3-dB 
beam  width  of  3.5®  and  an  angular  swath  of  100®.  At 
a  nominal  aircraft  altitude  of  18.5  km,  the  ground  res¬ 
olution  at  nadir  is  about  1  km.  It  measures  a  mixture 
of  horizontal  and  vertical  polarizations  at  89  GHz,  150 
GHz,  183±1  GHz,  183±3  GHz,  183ib7  GHz,  and  at  220 
GHz.  The  polarization  mix  varies  with  incidence  angle, 
but  this  effect  is  small  over  sea  ice.  There  is  generally 
good  agreement  between  the  MIR  89  GHz  observations 
and  the  averaged  85.5  GHz  horizontally  and  vertically  po¬ 
larized  DMSP  SSM/I  data.  The  ER-2  aircraft  flight  tracks 
over  the  Bering  Sea  were  planned  to  optimize  coverage  of 
as  many  SSM/I  footprints  as  possible  while  still  imaging 
a  range  of  sea  ice  types  and  ice- free  ocean. 

RESULTS 

The  April  8  MIR  radiance  maps  for  89  GHz,  150  GHz, 
and  220  GHz  are  shown  in  Fig.  1,  2,  and  3  respectively. 
These  figures  show  sea  ice  areas  which  exhibit  contrasting 
spectral  variations  along  the  flight  path.  The  first  is  an 
area  of  consolidated  sea  ice  off  of  Nome,  Alaska.  MIR 
brightness  temperatures  range  from  190  K  to  210  K  at  89 
GHz,  from  175  K  to  200  K  at  150  GHz,  and  from  200  K 
to  210  GHz  at  220  GHz.  The  lower  radiances  observed 
at  150  GHz  are  not  consistent  with  the  expected  increase 
in  brightness  with  frequency  resulting  from  atmospheric 
water  vapor  emission.  Examination  of  the  85  GHz  SSM/I 
data  at  horizontal  and  vertical  polarization  also  shows  this 
area  of  relatively  low  brightness.  This  is  not  observed. 
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Figure  1:  MIR  89  GHz  image  of  the  Bering  Sea  ice  cover 
for  April  8,  1995. 


however,  at  lower  frequencies  or  in  the  polarization,  (V- 
H)/(V+H),  at  85  GHz.  This  decrease  in  brightness  at 
150  GHz  relative  to  the  other  two  MIR  frequencies  is  also 
observed  in  the  region  just  north  of  SLL 

In  contrast  to  this  spectral  variation  is  the  increase  in 
brightness  temperature  with  frequency  observed  in  the 
polynya  south  of  SLI  (see  Fig.  1,  2,  and  3).  Near  the  SLI 
coastline,  the  MIR  brightness  temperatures  increase  from 
about  200  K  at  89  GHz,  to  220  K  at  150  GHz,  and  to  240 
K  at  220  GHz.  The  spatial  pattern  of  radiances  observed 
in  the  figures  suggests  the  presence  of  clouds  (or  water 
vapor)  emanating  from  over  the  polynya  and  spreading 
southward.  This  is  not  inconsistent  with  a  characteristic 
feature  of  polynyas.  An  increase  in  brightness  with  MIR 
frequency  is  also  observed  farther  south  in  the  marginal 
ice  zone,  a  transition  region  of  lower  ice  concentration, 


and  over  ice-free  ocean. 

CONCLUSIONS 

The  contrasting  spectral  variations  observed  in  MIR  data 
at  89,  150,  and  220  GHz  over  the  Bering  Sea  ice  cover  on 
April  8  suggest  that  both  atmospheric  emission  and  sur¬ 
face  influences  are  affecting  the  received  radiances.  In  a 
region  off  of  Nome,  Alaska  and  just  north  of  SLI,  the  lower 
brightness  at  150  GHz  relative  to  the  other  two  frequencies 
suggests  the  occurrence  of  surface  scattering.  This  scat¬ 
tering  may  result  from  a  particularly  heavy  snow  cover  on 
the  sea  ice.  This  effect  has  been  observed  north  of  SLI  in 
previous  aircraft  missions  [6].  Over  ice- free  ocean  or  areas 
of  low  ice  concentration,  as  for  example,  in  the  vicinity  of 
coastal  polynyas,  the  increase  of  brightness  temperature 
with  frequency  is  consistent  with  a  spectral  response  one 
would  expect  from  an  atmosphere  with  appreciable  water 
vapor.  Further  work  is  needed  to  determine  quantitatively 
the  contributions  from  surface  scattering  and  atmospheric 
water  vapor  variability. 
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Figure  2:  MIR  150  GHz  image  of  the  Bering  Sea  ice  cover 
for  April  8,  1995. 


175  285 

Figure  3:  MIR  220  GHz  image  of  the  Bering  Sea  ice  cover 
for  April  8,  1995. 
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INTRODUCTION 

Scientific  interest  in  the  potential  effects  of 
climate  change  on  the  polar  regions  have  increased 
since  computer  simulations  have  shown  that  high 
latitudes  are  likely  to  experience  enhanced  warming. 
The  response  of  sea  ice  regions  to  a  projected 
warming  has  been  of  particular  interest.  To  decide 
how  snowmelt  on  the  sea  iee  responds  to  elimate 
variations,  surface  snowmelt  must  be  examined.  This 
project  produces  a  new  approach  to  determine  melt 
onset  for  the  Arctic  sea  ice  region  using  passive 
microwave  data  from  SSM/I  platforms.  Previous 
work  has  shown  strong  variations  in  the  onset  of  melt 
on  sea  ice  from  passive  mierowave  remote  sensing 
[1,2,3],  More  recent  research  using  similar  passive 
microwave  techniques  on  the  Greenland  ice  sheet 
have  determined  annual  melt  variations  in  surface 
snowcover  [4,5].  Results  from  these  studies  have 
been  used  to  produce  a  new  algorithm  that  detects 
snowmelt  oh  sea  ice.  This  is  accomplished  because  of 
the  large  increase  in  emissivity  that  occurs  when 
liquid  water  is  present  in  the  snowpack.  Additionally, 
the  penetration  depths  of  the  SSM/I  channels  differ, 
aiding  in  the  development  of  a  new  multi-channel 
algorithm. 

An  investigation  was  launched  to  verily  the 
new  algorithm  in  its  detection  of  initial  snowmelt  for 
the  Arctic  sea  ice  basin.  Using  the  whole  basin 
allowed  the  melt  algorithm  to  be  applied  in  any  ice 
type  situation,  since  early  development  showed  that 
ice  type  was  an  important  factor  in  detecting  melt. 
0-7803-3068-4/96$5.00©1996  IEEE 


ALGORITHM  DEVELOPMENT 

The  melt  algorithm  uses  the  difference 
between  the  19  Ghz  and  37  Ghz  horizontally 
polarized  channel  (HR  algorithm).  The  horizontal 
channels  have  a  strong  dependence  on  snow  grain 
crystal  size  that  is  rapidly  altered  during  melt 
conditions.  This  rapid  change  is  observed  in  the 
brightness  temperatures.  During  melt  eonditions,  the 
brightness  temperatures  first  increase  than  a  rapid 
decrease  occurs  because  of  the  change  in  snow  grain 
size.  During  these  melt  periods,  it  was  observed  that 
the  HR  algorithm  showed  a  reversal  in  the  trend  of 
the  differences.  A  threshold  was  determined  by 
examining  regions  in  the  Arctic  basin  when  this 
reversal  occurred.  Through  analysis  of  several 
regions  in  the  Aretic  basin,  both  first-year  and 
multiyear  ice  types,  a  melt  threshold  was  assigned 
when  the  difference  was  less  than  2K  or  when  the  37 
Ghz  horizontal  channel  became  warmer  than  the  19 
Ghz  horizontal  channel. 

Other  known  algorithms  were  examined  but 
were  found  unexceptable,  since  they  were  ice  type 
dependent.  For  example,  two  algorithms  that  detect 
melt  onset  on  the  Greenland  ice  sheet  were 
investigated.  The  first,  the  37  Ghz  horizontal 
threshold  technique  [4]  could  not  be  used  since 
brightness  temperatures  varied  too  much  because  of 
the  thickness  of  the  snow  and  ice  surfaces.  On  the 
Greenland  ice  sheet,  the  snowcover  is  thick  enough 
to  not  allow  penetration  of  the  underlying  surface  to 
interfere  with  the  snow  signal.  The  other  method,  the 
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cross  polarization  gradient  ratio  (XPGR)  [5]  used  to 
show  melt  on  the  Greenland  ice  sheet  was  also  not 
acceptable.  The  XPGR  removes  the  dependence  of 
the  physical  temperatures,  however,  the  algorithm 
reacted  differently  depending  on  the  ice  type 
conditions.  These  were  determined  to  be  important 
deficiencies,  therefore  these  algorithms  were  not 
pursued.  The  two  techniques  were  used  to  help 
develop  the  HR  algorithm.  For  example,  melt  onset 
was  detected  by  the  XPGR  algorithm  but  apriori 
information  was  needed  to  determine  ice  type. 

MELT  ONSET 

To  show  the  capabilities  of  the  melt 
algorithm,  two  examples  will  be  discussed  although 
many  more  locations  have  been  investigated  (Table 
1).  These  locations  were  chosen  because  they 
represent  both  first-year  and  multiyear  ice  conditions. 
The  analysis  was  completed  for  three  years,  1989- 
1991,  though  only  1989  will  be  discussed  here.  The 
first  location,  is  a  first-year  ice  region  located  in  the 
Laptev  Sea.  The  melt  algorithm  determined  that  the 
initial  melt  occurred  between  Julian  days  123  thru 
134  for  the  three  years  (Table  1).  Time  series  of  the 
brightness  temperatures,  ice  concentrations  and  the 
various  algorithms  including  the  HR  melt  algorithm 
were  also  analyzed  (Fig.  1).  During  all  three  years, 
the  ice  concentrations  go  to  zero  confirming  that  the 
locations  are  first-year  ice  locations.  The  multiyear 
ice  fraction  also  indicates  that  during  melt,  the 
calculation  of  multiyear  ice  gives  a  false 
representation  of  ice  type.  The  HR  melt  algorithm, 
however,  shows  melt  initiation  occurring  before  the 
change  in  multiyear  ice,  allowing  the  melt  algorithm 
to  also  be  used  a  precursor.  The  analysis 
also  shows  that  melt  occurs  in  events  and  not 
continuous  through  the  melt  season.  This  is 
confirmed  by  all  locations. 

The  time  series  for  the  multiyear  ice  location, 
found  in  the  central  Arctic  Ocean  (seventh  site  Table 
1),  shows  similar  results  (Fig.  2).  The  ice 
concentrations  remain  high  throughout  the  year, 
though  the  multiyear  ice  fraction  still  displays  a  rapid 
increase  during  melt.  The  initial  melt  occurrences 


showed  a  greater  range  than  the  first-year  regions. 
The  HR  algorithm  indicated  that  melt  occurred 
between  Julian  day  138  and  174,  a  36-day  variation 
among  the  three  years  analyzed.  Melt  occurrences 
were  also  more  sporadic  than  the  first-year  locations. 

Dates  of  initial  melt  for  the  entire  basin  were 
produced  for  the  entire  Arctic  basin  for  the  three 
years  to  show  the  spatial  distribution.  An  example 
plot  of  the  initial  dates  is  given  in  Fig  3.  Several 
generalizations  can  be  made  for  this  analysis.  The 
first  shows  the  robust  nature  of  the  algorithm.  In  each 
year,  the  initial  dates  are  spatially  consistent  and 
show  the  poleward  progression  of  melt  taking  place 
as  one  would  expect.  There  are  small  variations 
within  different  regions  that  are  probably  caused  by 
atmospheric 


Table  1 .  Locations  studied  and  melt  onset  dates 


Lat. 

Long. 

Location 

Melt  Onset  Date 

1989 

1990 

1991 

72  N 

135  E 

Laptev  Sea  (FYI) 

134 

123 

129 

71  N 

165  E 

East  Siberian  Sea 
(FYI) 

99 

92* 

91* 

69  N 

176  W 

Chukchi  Sea  (FYI) 

141 

101 

142 

70  N 

167  W 

Chukchi  Sea  (FYI) 

96 

115 

111 

SON 

120  E 

Laptev  Sea  (MYI) 

169 

149 

147 

72  N 

62  E 

Barents  Sea  (FYI) 

104 

103 

98 

83  N 

180  E 

Arctic  Ocean  (MYI) 

174 

138 

158 

83  N 

177  W 

Arctic  Ocean  (MYI) 

174 

138 

185 

83  N 

136  W 

Arctic  Ocean  (MYI) 

173 

157 

186 

70  N 

60  W 

Baffin  Bay  (FYI) 

108 

115 

122 

60.5N 

88  W 

Hudson  Bay  (FYI) 

104 

93 

97* 

59  N 

85  W 

Hudson  Bay  (FYI) 

117 

92* 

111 

57  N 

82.5W 

Hudson  Bay  (FYI) 

134 

93* 

111 

*  First  date  of 
analysis 
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Figure  1 .  Time  series  analysis  for  a  first-year  ice 
location  in  the  Laptev  Sea  (72  N,135  E)  for  1989. 
Triangle  shapes  represent  melt  occasions  detected  by 
the  HR  melt  algorithm. 

conditions,  but  this  would  be  expected.  The  other 
major  generalization  that  can  be  concluded,  is  that 
the  actual  differences  between  years  for  most 
locations  are  quite  small.  Again,  this  would  enhance 
the  cun-ent  thinking  that  melt  occurrence  in  the  Arctic 
basin  is  mainly  regulated  by  the  radiational  changes 
that  take  place  in  the  Arctic  throughout  the  spring 
period.  However,  the  variations  in  initial  date  for 
each  location  are  going  to  be  driven  by  local 
atmospheric  variations  controlling  the  solar  radiation 
received. 

The  spatial  analysis  also  demonstrates  that 
many  locations  in  the  ocean  region  that  do  not  have 
an  ice  cover  but  the  algorithm  still  analyzed  a  melt 
date  needed  to  be  filtered  and  removed  from  the 
data  set.  It  was  thought  originally  that  these  point 
were  removed  through  the  filters  applied  to  the  data 
set  before  the  algorithm  was  applied.  However,  the 
spatial  analysis  gives  a  different  picture.  New 


Figure  3.  Time  series  analysis  for  a  multiyear 
ice  location  in  the  central  Arctic  Ocean  (83  N, 

180  W)  for  1989.  Triangle  shapes  represent  melt 
occasions  detected  by  the  HR  melt  algorithm. 

filters  will  have  to  be  developed  and  applied  to  insure 
an  accurate  melt  data  set. 

SUMMARY/CONCLUSIONS 

A  study  was  launched  to  develop  a  new  melt 
algorithm  that  would  detect  the  onset  of  melt  from 
the  entire  Arctic  sea  ice  basin  with  no  dependence  on 
ice  type.  The  HR  melt  algorithm  developed  produces 
initial  dates  when  sea  ice  snowpack  begins  to  show 
melt  in  the  passive  microwave  remotely  sensed  data. 
The  melt  algorithm  was  then  applied  to  three  years  of 
data  to  show  the  robust  nature  of  the  algorithm  for 
different  ice  type  locations.  The  results  show  that  the 
entire  data  set  now  needs  to  be  analyzed  to  produce 
a  melt  climatology. 

Since  a  melt  algorithm  has  been  established 
and  a  melt  climatology  will  be  produced.  In 
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Abstract  ~~  The  potential  of  satelliteborne  interferometric 
measurements  for  the  mapping  of  slow  land  subsidence  has 
been  investigated.  Two  test  sites,  covered  by  the  ERS-1 
satellite,  were  selected  in  the  Netherlands:  the  provinces  of 
Groningen  and  Zeeland.  In  situ  measurements  on  the 
weather  and  the  actual  subsidence  were  gathered.  It  will  be 
shown  that  under  favorable  conditions  measurement 
accuracy’s  for  land  subsidence  in  the  range  of  mm’s  are 
feasible.  Atmospheric  effects  together  with  temporal 
decorrelation  are  the  major  limitations  to  the  accuracy  of  the 
technique  for  this  type  of  long  term  measurement. 

INTRODUCTION 

The  winning  of  natural  gas  in  the  northerly  provinces  of 
the  provinces  of  the  Netherlands  causes  bottom  subsidence 
in  a  bowl-shaped  area  with  a  diameter  of  approximately  40 
km.  The  final  largest  subsidence  is  currently  estimated  at  36 
centimeter.  The  change  in  a  year  is  generally  less  than  one 
cm.  Measurement  of  this  change  is  very  important  since 
even  a  small  subsidence  does  have  major  consequences  for 
the  infrastructure  in  the  area.  A  budget  of  300,000  till 
700,000  Dutch  guilders  is  spent  every  year  for  conventional 
levelling  campaigns.  Disadvantages  of  this  technique  are  the 
price,  the  limited  accuracy  (1  cm)  and  the  fact  that  only  few 
point  measurements  become  available.  Repeat  orbit  SAR 
interferometry  might  provide  a  relatively  cheap  tool  to 
monitor  the  subsidence  with  high  accuracy  and  resolution. 

For  the  assessment  of  the  applicability  of  SAR 
interferometry  for  measurement  of  small  deformations  the 
error  sources  need  to  be  addressed.  We  made  a 
distinguishment  between  local  -  and  systemic  error  sources. 
The  effect  of  the  first  type  of  errors  can  be  expressed  by 
their  effect  on  the  coherence  of  the  interferogram  which  is  a 
quantitative  measure  of  the  phase  consistence  and  therewith 
of  the  quality  of  the  interferogram  (e.g.  Zebker  and 
Villasenor,  1992).  Three  major  sources  of  decorrelation  can 
be  distinguished:  decorrelation  due  to  thermal  noise, 
baseline  decorrelation  and  temporal  decorrelation. 


Figure  1:  The  Zeeland  test  area  with  the  frame  of  the  ERS-1 
quarter  scene  as  well  as  the  positions  of  the  corner  reflectors 
and  the  weather  station 

In  order  to  circumvent  loss  of  accuracy  because  of  low 
coherence  we  studied  subsidence  on  objects  with  high 
backscatter  (good  SNR)  and  from  interferograms  with  very 
small  (<  100  m)  baselines  (little  baseline  decorrelation).  For 
slow  processes  like  subsidence  due  to  natural  gas  winning, 
temporal  decorrelation  is  unavoidable.  However  the  amount 
of  temporal  decorrelation  strongly  depends  on  the  nature  of 
the  scattering  object.  Solid  scatterers  like  houses  and  rocks, 
but  also  artificial  (corner)  reflectors  hardly  do  decorrelate 
and  can  therefore  be  used  for  the  purpose  of  long  term 
monitoring. 

The  second  important  error  source  in  interferometric 
measurements  of  ground  deformation  is  the  presence  of 
systematic  phase  effects.  Three  effects  can  be  identified: 

1-  Effects  caused  by  topography. 

This  effect  depends  on  the  baseline,  a  large  baseline 
gives  a  high  100-200  m  and  the  land  is  very  flat,  like  in 
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the  Netherlands,  these  effects  are  very  small.  It  can  be 
corrected  for  by  using  accurate  (radar)  OEM’s. 

2.  Atmospheric/ionospheric  effects. 

Hard  et.  al.  (1993)  have  found  evidence  of  systematic 
effects  and  argue  that  these  effects  are  caused  by  local 
variations  in  the  atmospheric  conditions  that  are 
different  for  the  two  passes.  Only  little  quantitative 
information  on  this  effect  is  available  at  the  moment  to 
the  knowledge  of  the  authors. 

3.  Effects  individual  agricultural  fields 

This  effect  has  been  observed  and  reported  a  few  times 
and  it  might  be  caused  by  irrigation  or  human  activities 
(Hard  et.  al,  1993). 


EXPERIMENT 

Figure  1  shows  the  Zeeland  area  including  the  frame  of 
the  50  X  50  km  ERS-1  quarter  scene  coverage.  The  location 
of  the  corner  reflectors  and  the  location  of  the  weather 
station  is  indicated. 

In  the  project  the  magnitude  of  decorrelation  and 
systematic  effects  have  been  investigated  for  data  collected 
in  Zeeland  and  Groningen.  This  was  done  in  order  to  study 
the  potential  and  limitations  of  multi-pass  interferometry  in 
general  and  the  mapping  of  deformation  in  particular. 

A  total  of  50  SAR  images  have  been  acquired  and  used  in 
the  interferometric  processing.  Approximately  30 
interferograms  of  the  Zeeland  and  Groningen  areas  have 
been  produced. 

RESULTS  AND  ANALYSIS 

For  the  Groningen  area  interferograms  over  time  spans  of 
more  than  one  year  are  necessary  in  order  to  measure  the 
small  (<  1  cm)  subsidence.  Temporal  decorrelation  causes  a 
100%  loss  of  information  over  agricultural  and  water  areas. 
However,  the  man-made  objects  such  as  factories  and 
buildings  remain  coherent  and  contain  enough  information 
for  the  measurement  to  be  useful.  First  results  indicate  that 
coherence  is  maintained  in  urbanized  areas  and  areas  with 
little  vegetation,  even  for  a  time  interval  of  2-3  years.  This 
will  probably  enable  interferometric  measurement  of  slow 
processes  like  land  subsidence. 

Figure  2  gives  an  example  of  an  interferogram  of  Zeeland 
taken  during  the  second  ice  phase  of  the  satellite.  The  time 
between  both  data  acquisitions  is  3  days.  Phase  values  this 
figure  range  from  0  (black)  to  2  pi  (white).  A  2  pi  cycle  of 


atmospheric  effects. 

phase  corresponds  to  a  path  length  difference  of  2.75  cm. 
Since  the  area  is  very  flat  within  20  meters,  and  no 
subsidence  occurs  here,  other  effects  must  be  the  cause  of 
the  observed  phase  variations. 

Many  of  the  studied  interferograms  contain,  similar  to 
figure  2,  spatial  variations  in  phase.  Typical  dimensions  of 
the  patterns  are  1-5  km.  These  patterns  are  most  probably 
caused  by  atmospheric  variations  in  water  vapor  content, 
which  have  changed  during  the  time  interval. 

It  appears  that  there  is  a  relationship  between  the 
atmospheric  conditions  during  the  the  two  passes  and  the 
magnitude  of  the  phase  effect.  In  the  interferograms  with  at 
least  one  pass  under  rainy  and  heavily  clouded  conditions 
the  phase  effect  is  approximately  2  radians  maximum.  When 
the  situation  is  more  favorable  for  both  passes  (e.g.  sunny, 
cold),  the  effects  are  between  0.5  and  1  radians  at  the  most, 
which  corresponds  to  a  height  change  error  between  2  and  4 
mm. 
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Figure  3.  Interferogram  of  Zeeland.  The  first  image  of  the 
interferogram  was  taken  during  freezing  conditions,  the 
second  under  thawing  conditions. 

Some  of  the  interferograms  (6  out  of  19)  contain 
systematic  phase  effects  that  are  clearly  correlated  to  the 
land  use  or  the  soil  type.  The  best  example  is  shown  in 
figure  3,  which  shows  an  interferogram  made  from  data 
acquisitions  at  23/2  and  26/2  1994. 

It  is  a  blowup  on  the  Island  of  Noord  Beveland  similar  to 
figure  2.  Clearly  visible  are  local  phase  variations  that  are 
related  to  land  use.  It  appears  that  there  is  also  a  relation 
between  soil  type  and  differential  phase. 

It  seems  very  likely  that  the  observed  systematic  phase 
effects  in  figure  3  are  due  to  frost/thaw  events  during  the 
time  interval  between  the  ERS-1  passes.  In  similar 
interferograms  during  this  period,  the  largest  phase  effects 
can  be  found  for  combinations  of  an  ERS-1  pass  with  sub¬ 
zero  temperatures  and  an  ERS-1  pass  with  temperatures 
above  zero  degrees  Celsius.  In  other  words:  the  effects  are 
large  if  a  change  from  freezing  to  thaw  conditions  occurred 
in  the  time  interval  between  the  passes.  In  figure  3  the  phase 
of  most  of  the  agricultural  fields  is  higher  than  that  of  the 


urbanized  areas  and  sandy  soils.  The  first  areas  are  more 
sensitive  to  ice  heave  of  the  ground  caused  by  frost  because 
of  the  larger  water  content  of  clay  ground.  Different  clay 
concentrations  in  the  agricultural  fields  or  different  surface 
structures  might  give  rise  to  the  observed  differences 
between  agricultural  fields.  The  magnitude  of  the  effect 
ranges  from  several  mm's  up  to  1  cm. 


CONCLUSIONS 

A  quantitative  investigation  into  the  accuracy  of 
interferometric  SAR  measurements  has  been  performed. 
Systematic  effects  of  2-10  mm  have  been  discovered  due  to 
atmospheric  moisture  variations.  These  effects  appear  to  be 
dependent  on  the  weather  conditions.  Systematic  phase  were 
also  found  when  a  frost  or  thaw  event  occurred  between  the 
passes  of  the  ERS-1.  This  is  probably  a  real  effect  of 
shrinking  and  swelling  of  the  soil  with  typical  magnitudes  of 
5  mm.  Coherence  images  of  the  Groningen  subsidence  area 
with  time  intervals  of  2-3  years  suggest  that  the  technique 
might  be  usable  to  investigate  slow  processes  like  land 
subsidence  caused  by  gas  exploitation  with  typical 
magnitudes  of  5  mm/year.  Future  research  will  be  directed 
towards  operational  applications  and  the  optimum 
conditions  for  multi-pass  interferometric  measurements. 
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Abstract  The  potential  of  satellite  repeat-pass  SAR  inter¬ 
ferometry  (InSAR)  for  flood  monitoring  is  discussed.  Using 
ESR-1  SAR  images  covering  the  1993/94  flood  event  in  the 
river  Rhine,  Germany,  it  is  shown  that,  by  evaluating  the 
scene  coherence,  a  reliable  mapping  of  flood  extent  is  feasi¬ 
ble,  even  in  cases  of  rough  water  surfaces  where  the  analysis 
of  conventional  SAR  intensity  and  multi-temporal  images 
may  fail. 


INTRODUCTION 

The  generation  of  flood  assessment  maps  as  well  as  the  de¬ 
velopment  and  validation  of  hydrological  models  which  are 
essential  for  flood  prevention  activities  require  an  accurate 
knowledge  of  the  flood  extent.  Previous  studies  of  flood 
monitoring  have  been  mainly  based  on  aerial  photography  as 
well  as  on  images  from  optical  and  radar  spaceborne  sensors 
[1].  Most  common  are  change  detection  techniques  using 
multi-sensor  or  multi-temporal  color  composite  images  for 
comparison  of  the  flood  situation  with  the  normal  water  stage. 
However,  due  to  the  all-weather  acquisition  capability  of  ra¬ 
dar  sensors,  SAR  images  are  often  the  only  available  image 
data  during  the  flood  event. 

The  interpretation  of  SAR  data,  including  derived  multi¬ 
temporal  SAR  images,  is  usually  based  only  on  the  evaluation 
of  the  expectation  value  of  the  intensity  image,  which  is  re¬ 
lated  to  the  radar  backscatter  coefficient  a®.  Due  to  the  imag¬ 
ing  geometry,  i.e.  the  projection  onto  the  ground,  this  rela¬ 
tionship  exhibits  a  l/sinGj  dependence,  where  Gj  stands  for  the 
local  incidence  angle  [2].  Therefore,  particularly  in  cases  of 
sloped  terrain,  small  temporal  changes  in  geophysical  surface 
parameters  may  not  be  detectable  as  a  difference  in  image 
intensities.  Additionally,  the  typical  speckle  phenomenon  in 
SAR  intensity  images  limits  the  radiometric  resolution.  In 
particular,  if  SAR  images  from  different  imaging  geometries 
are  used,  then,  because  of  their  various  speckle  contributions, 
a  discrimination  of  differences  may  be  difficult. 

Generally,  inundated  areas  can  be  reliably  delineated  if 
the  land  was  completely  covered  by  a  smooth  water  surface 
having  low  a®  values.  However,  this  approach  is  not  applica¬ 
ble  under  even  light  wind  conditions  during  the  SAR  data 
acquisition  which  may  have  roughened  the  water  surface 


causing  an  increase  in  the  backscatter  intensity,  which  is 
comparable  to  the  surrounding  land. 

In  InSAR,  the  phase  derived  from  a  pair  of  single  look 
complex  images,  acquired  from  slightly  different  imaging 
geometries,  is  related  to  the  terrain  height  and  may  contain 
information  about  possible  surface  displacements  provided 
that  the  phase  of  the  surface  reflectivity  has  remained  stable 
between  the  two  passes.  Small  variations  of  the  geometric 
and/or  dielectric  properties  of  the  scatterer  within  the  resolu¬ 
tion  cell  may  decrease  the  degree  of  coherence,  a  measure  of 
phase  correlation,  between  the  two  data  sets.  This  relationship 
has  been  used  to  map  temporal  surface  changes  for  classifica¬ 
tion  of  land  signatures  [3]. 

In  this  paper,  the  suitability  of  InSAR  coherence  measure¬ 
ments  for  flood  monitoring  is  demonstrated.  We  start  in  Sec¬ 
tion  2  with  a  short  review  of  the  required  precessing  steps  for 
the  estimation  of  the  scene  coherence.  In  Section  3  the  results 
of  our  coherence  analysis  are  discussed  and  Section  4  con¬ 
cludes  the  paper. 

2.  SCENE  COHERENCE  ESTIMATION 


The  degree  of  coherence  between  two  complex  SAR  images 
zi  and  Z2  is  defined  as: 


\E{zrz^*^ 

n 

a/^{  = 

4} 

y.srene  ><  1  S,N  ><  Jh 


(1) 


where  E{ .}  is  the  expectation  value 


It  has  been  shown  in  [4]  that  the  coherence  y,  measured 
from  the  SAR  data,  contains  information  about  temporal 
changes  of  geophysical  surface  parameters,  referred  to  as  the 
scene  coherence  yscene»  and  other  contributions  which  are  af¬ 
fected  by  thermal  noise  Ys/n,  and  spectral  misalignment  Yh  due 
to  baseline  and  antenna  pointing  decorrelation  effects.  There¬ 
fore,  an  accurate  estimation  of  Yscene  for  a  reliable  interpreta¬ 
tion  and  comparision  of  coherence  maps  acquired  at  different 
times  and  with  different  imaging  geometries  is  required.  The 
interferometric  processing  steps  which  are  described  in  detail 
in  [5]  and  [6]  include  a  phase  preserving  image  co¬ 
registration,  an  oversampling  of  the  images  by  a  factor  of  two, 
a  bandpass  filtering  both  in  range  and  azimuth,  and  the  re¬ 
moval  of  systematic  geometry  phase  trends  related  to  an  ellip- 
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soidal  earth  model.  According  to  (1)  the  expectation  value  has 
been  calculated  over  a  30  x  6  window  size  (azimuth  and 
range)  to  reduce  an  overestimation  of  y  over  areas  with  low 
coherence.  After  a  compensation  of  the  noise  floor  decorrela¬ 
tion,  Yscene  vaiues  may  related  to  surface  changes,  where  bright 
areas  represent  high  coherence,  while  dark  areas  denote  low 
coherence,  as  seen  in  Figs.  4  and  5. 

3.  DATA  AND  RESULTS 

In  December  1993,  a  period  of  heavy  rainfall  in  Germany 
caused  a  rise  of  river  levels,  combined  with  an  increase  in  soil 
saturation,  and  led  to  flooding.  The  selected  test  site  covers 
about  20  by  20  km  of  the  nearly  flat  area  arround  the  city  of 
Dormagen  that  was  furthermore  affected  by  a  high  tide  in  the 
river  Rhine  during  Dec.  22-28,  1993.  The  acquisition  dates  of 
the  ERS-1  data,  the  orbit  numbers,  and  the  interferometric 
baselines  for  corresponding  image  pair  combinations  con¬ 
sidered  here,  are  summerized  in  Table.  1.  Suitable  interfer¬ 
ometric  pre-flood  images  were  not  available  due  to  the 
change  of  the  ERS-1  repeat  cycle  from  the  Multidisciplinary 
Phase  (35  days)  to  the  Second  Ice  orbit  (3  days)  during  Dec. 
20-24,  1993.  Unfortunately,  on  Dec.  28,  1993  no  SAR  data 
for  this  test  site  were  collected. 

The  SAR  intensity  image  for  Dec.  25,  1993,  Fig.l,  shows 
the  situation  at  the  flood  peak.  The  inundated  areas  along  the 
Rhine  are  easily  distinguishable  from  the  land  and  also  from 
the  normal  river  course  because  of  their  low  intensity  values, 
indicating  a  smooth  water  surface.  The  intensity  image  for 
Dec.  31,  1993,  Fig.  2,  was  acquired  during  a  falling  low  water 
period,  and  in  Fig.  3,  for  Jan.  3,  1994,  the  river  is  shown  in  an 
almost  non-flood  stage. 

In  the  following,  we  focus  particularly  on  the  meander  and 
the  oxbow-lake  regions,  marked  in  these  images  with  (1)  and 
(2),  respectively.  In  Fig.l,  it  is  clearly  discernable  that  parts 
of  these  grassland  covered  regions  were  inundated.  However, 
comparing  all  three  images,  it  is  not  recognizeable  to  what 
extent  the  other  areas  within  those  regions,  characterized  by 
their  relativly  high  intensity  values,  were  actually  affected  by 
the  flood.  The  rough  water  surface  during  the  second  SAR 
data  acquisition,  Fig. 2,  creating  a  speckle-like  pattern,  makes 
an  evaluation  of  the  intensity  values  more  difficult.  The  addi¬ 
tional  use  of  a  multi- temporal  SAR  image  based  on  the  com¬ 
bination  of  the  three  single  intensity  data  sets  facilitates  the 
visual  comparison  of  the  flood  peak  situation  with  the  normal 
river  course,  but  does  not  allow  a  detailed  mapping  of  the 
flood  extent. 

In  the  coherence  image.  Fig.  4,  derived  from  the  complex 
image  pair  of  Dec.  25  -  31,  93,  the  regions,  marked  with  (1) 
and  (2),  appear  completely  decorrelated.  Considering  the 
relativly  high  coherence  (close  to  unity)  for  the  surrounding 
land,  the  significant  loss  of  coherence  for  both  the  meander 
and  oxbow-lake  regions  can  be  attributed  to  flooding  of  these 
areas  at  the  acquisition  time  on  Dec.  25,  93,  and  causing, 
therefore,  a  change  in  the  phase  of  the  surface  reflectivity. 


Table.  1  Analysed  ERS-1  SAR  images  of  the  flooded  area 


Image  pair 
acquisition  dates 

orbit  number 

BN[m] 

Dec.  25,  93  &  Dec.  31,  93 

12778/12864 

275 

Dec.  25,  93  &  Jan.  3,  94 

12778/12907 

335 

Dec.  31,93  &  Jan.  3,94 

12864/12907 

60 

The  low  correlation  of  those  areas,  located  in  (1)  and  (2), 
with  higher  intensity  values,  as  seen  in  Fig.l,  indicates  that 
these  areas  were  also  flooded  at  the  time,  but  the  grassland 
vegetation  was  not  entirely  covered  by  water.  A  similar  co¬ 
herence  map  has  been  generated  from  the  second  image  pair 
in  Table.  1,  which  confirms  this  interpretation.  On  the  other 
hand,  the  coherence  map  derived  from  the  image  pair  of  Dec. 
31,  93  and  Jan.  3,  94,  shows  relativly  high  coherence  values 
for  both  areas,  attributed  to  the  falling  low  water  level  on 
Dec.  31,  1993.  In  other  words,  most  of  those  areas  were  no 
longer  inundated  at  the  time  of  data  acquisition.  However,  the 
high  intensity  values  in  these  areas,  Figs.  2  and  3,  indicate 
highly  saturated  soils  on  both  acquisition  dates.  This  assumes 
that,  except  for  the  explanation  given  above,  no  other  decorre¬ 
lation  effect,  such  as  volume  scattering  due  to  a  change  in  the 
penetration  depth  or  vegetation,  has  caused  the  decrease  in 
coherence  in  Fig.  4.  Besides  th  flooded  areas,  a  forest  region 
(3)  also  appears  as  decorrelated  in  the  coherence  maps.  Figs. 
4  and  5,  because  of  the  typical  volume  scattering  effect. 

An  improved  classification  of  the  test  site  in  terms  of 
separation  of  flooded  areas  from  deep  water  bodies  and  sur¬ 
rounding  land,  respectively,  and  a  distinction  of  different  land 
cover  categories,  has  been  achieved  by  merging  SAR  inten¬ 
sity  and  coherence  images  using  the  well-known  principal 
component  transformation.  From  the  available  six  information 
layers,  three  intensity  and  three  coherence  images,  the  princi¬ 
pal  components  1 ,  2  and  4  were  extracted  and  combined  to  a 
RGB  image  which  will  be  presented  at  the  symposium. 

4.  SUMMARY  AND  CONCLUSIONS 

Using  a  sequence  of  ERS-1  SAR  images  covering  the 
1993/94  flood  event  in  the  river  Rhine,  we  have  demonstrated 
the  potential  of  InSAR  coherence  analysis  for  flood  monitor¬ 
ing.  Due  to  the  sensitivity  of  the  interferometric  phase  to  tem¬ 
poral  changes  of  the  surface  reflectivity  between  passes,  co¬ 
herence  maps  can  provide  additional  information  about  the 
flood  extent  which  otherwise  may  be  difficult  to  derive  from 
conventional  SAR  intensity  and  multi -temporal  images.  How¬ 
ever,  this  approach  requires  the  availability  of  suitable  inter¬ 
ferometric  data  sets  and  the  application  of  advanced  process¬ 
ing  steps  to  accurately  estimate  the  scene  coherence. 
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Fig.l  ERS-1  SAR  intensity  image  during  the  flood,  acquired 
on  Dor  25.  1993 


period,  acquired  on  Dec.  31,  1993 


Fig.4  ERS-1  SAR  coherence  map,  derived  from  the  image 


Fig.5  ERS-1  SAR  coherence  map,  derived  from  the  image 
pair  of  Dec.  31,  1993  and  Jan.  3,  1994 
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ABSTRACT 

In  this  paper  the  theoretical  aspects  of  estimating  vegetation 
parameters  from  SAR  interferometry  is  presented.  In  conven¬ 
tional  applications  of  interferometric  SAR  (INSAR),  the  phase 
of  the  interferogram  is  used  to  retrieve  the  location  of  the  scat¬ 
tering  phase  center  of  the  target.  Although  the  location  of  scat¬ 
tering  phase  center  for  point  targets  can  be  determined  very  ac¬ 
curately,  for  a  distributed  target  such  as  a  forest  canopy  this  is 
not  the  case.  For  distributed  targets  the  phase  of  the  interfero¬ 
gram  is  a  random  variable  which  in  general  is  a  function  of  the 
system  and  target  attributes.  To  relate  the  statistics  of  the  inter¬ 
ferogram  phase  to  the  target  attributes,  first  an  equivalence  re¬ 
lationship  between  the  two-antenna  interferometer  system  and 
an  equivalent  Aifc  radar  system  is  established.  This  equivalence 
relationship  is  needed  to  related  the  frequency  correlation  func¬ 
tion  of  distributed  targets,  which  can  conveniently  be  obtained 
experimentally,  analytically,  or  numerically,  to  the  phase  statis¬ 
tics  of  the  interferogram.  It  is  shown  that  the  frequency  correla¬ 
tion  function  of  distributed  targets  which  in  turn  is  a  function  of 
scattering  mechanisms  and  system  parameters  determines  the 
accuracy  with  which  canopy  height  can  be  estimated.  It  is  also 
shown  that  for  a  uniform  closed  canopy  the  extinction  and  the 
physical  height  of  the  canopy  top  can  be  estimated  very  accu¬ 
rately.  Some  analytical  and  numerical  simulations  are  demon¬ 
strated. 

1.  INTRODUCTION 

The  interferometric  technique  relies  on  a  coherent  imaging  pro¬ 
cess  to  find  the  range  or  distance  to  the  scattering  phase  cen¬ 
ter  of  the  scatterers  in  the  radar  image[l].  It  is  shown  that  the 
phase  of  the  interferogram  is  proportional  to  the  wavelength, 
slant  range,  look  angle,  distance  between  the  antennas  (baseline 
distance),  orientation  of  the  antennas  with  respect  to  each  other, 
and  the  height  of  the  scattering  phase  center  above  a  reference 
line  [2].  For  non- vegetated  terrain,  the  scattering  phase  centers 
are  located  at  or  slightly  below  the  surface  depending  upon  the 
wavelength  of  the  SAR  and  the  dielectric  properties  of  the  sur¬ 
face  media.  Whereas  for  vegetated  terrain,  these  phase  centers 
0-7803-3068-4/96$5.00©1996  IEEE 


lie  at  or  above  the  surface  depending  upon  the  wavelength  of 
the  SAR  and  the  vegetation  attributes. 

The  significant  vegetation  attributes  are:  (1)  the  type  of  veg¬ 
etation,  (2)  the  quantity  or  biomass  of  the  vegetation  and  (3)  the 
dielectric  properties  of  the  vegetation.  As  pertains  to  SAR  in¬ 
terferometry,  the  type  of  vegetation  refers  to  the  structural  at¬ 
tributes  of  vegetation  elements  and  includes  the  shapes  and  sizes 
of  foliage  and  woody  stems  relative  to  wavelength  and  their  three- 
dimensional  organizational  structure.  The  biomass  refers  to  at¬ 
tributes  such  as  the  height  of  the  vegetation,  the  thickness  and 
density  of  the  crown  layer  that  contains  foliage  and  stems,  and 
the  number  of  plants  per  unit  area.  The  dielectric  properties  of 
the  vegetation  elements  determine  scattering  and  propagation 
through  the  media;  these  may  vary  with  time  due  to  seasonal 
changes  in  plant  physiology  and  the  phase  of  water  (liquid  or 
frozen)  or  due  to  the  presence  of  water  films  resulting  from  in¬ 
tercepted  precipitation  or  dew. 

The  main  objective  of  this  paper  is  to  establish  a  thorough  un¬ 
derstanding  of  the  relationship  between  the  INSAR  parameters 
and  the  vegetation  attributes,  the  accuracy  with  which  the  veg¬ 
etation  scattering  phase  center  can  be  measured.  To  accomplish 
these  goals  an  equivalence  between  INSAR  and  A  ^-radar  tech- 
niques  is  established  which  facilitates  numerical  simulations  and 
controlled  experiments  using  scatterometers.  Monte  Carlo  sim¬ 
ulation  of  a  forest  canopy  which  preserves  the  absolute  phase 
of  the  radar  backscatter  allows  for  quantifying  the  role  of  veg¬ 
etation  attributes  in  determining  the  location  of  the  scattering 
phase  centers  as  measured  by  SAR  interferometry. 

2.  A  A-RADAR  EQUIVALENT  OF  AN  INSAR 

In  this  section  an  equivalence  relationship  between  an  interfer¬ 
ometric  SAR  and  a  A^-radar  is  obtained.  As  will  be  shown 
later  the  statistics  of  the  phase  of  the  interferogram  or  equiv¬ 
alently  the  location  of  the  scattering  phase  center  and  its  statis¬ 
tics  is  a  very  strong  function  of  the  location  and  number  den¬ 
sity  of  the  forest  constituent  particles  and  their  dielectric  and 
scattering  properties.  Understanding  the  relationship  between 
the  tree  height  and  the  corresponding  location  of  the  scatter¬ 
ing  phase  centers  requires  numerical  simulations  (Monte  Carlo 
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simulation  of  a  fractal  generated  forest  stand)  or  controlled  ex¬ 
periments  using  scatterometers  are  needed.  The  scattering  phase 
center  of  a  target  can  also  be  obtained  using  a  AA:-radar  assum¬ 
ing  that  the  incidence  angle  is  known.To  demonstrate  the  equiv¬ 
alence  between  an  ISAR  and  a  Afc-radar  consider  a  two-antenna 
interferometer.  In  this  scheme  one  of  the  antennas  is  used  as  the 
transmitter  and  receiver  and  the  other  one  is  used  only  as  the  re¬ 
ceiver,  the  phase  of  the  interferogram  {<j>)  is  related  to  the  differ¬ 
ence  in  path  lengths  from  the  antennas  to  the  scattering  phase 
center  (^)  by 

where  Ao  =  c//o  is  the  wavelength.  Now  let  us  consider  a 
radar  capable  of  measuring  the  backscatter  at  two  slightly  dif¬ 
ferent  frequencies  /i  =  /o  and  /2  =  /o  +  A/.  Denoting  the 
phase  difference  between  the  two  backscatter  measurements  by 
it  can  be  shown  that 

<j)  =  2AA:r  =  47rA/  r/c  (2) 

where  r  is  the  radar  distance  to  the  target  scattering  phase  cen¬ 
ter.  Comparing  (1)  with  (2)  the  desired  relationship  between  the 
AJb-radar  and  INSAR  can  be  obtained.  Basically  by  requiring 
the  backscatter  phase  differences  once  obtained  from  a  small 
change  in  the  aspect  angle  and  the  other  one  obtained  from  a 
small  change  in  the  frequency  of  operation  we  have 

A/  =  /o^sin((9  -  a)  (3) 

Noting  that  r  —  Hj  cos(^),  it  can  easily  be  shown  that  A/  is 
almost  independent  of  incidence  angle  over  the  angular  range 
30^  -  60®.  For  example,  an  C-band  (5.3  Ghz)  interferometer 
with  a  horizontal  baseline  distance  2.4  m  at  an  altitude  6  Km  is 
equivalent  to  a  C-band  A/b-radar  with  A/  =  530KHz. 

What  remains  to  be  shown  is  the  algorithm  by  which  the  tar¬ 
get  height  can  be  extracted  from  a  A^'-radar.  By  measuring  the 
radar  response  of  the  target  at  the  same  viewing  angle  but  at  a 
slightly  different  frequency  and  calculating  the  change  in  the 
phase  of  the  scattered  field  ~  ^  i)  change  in 

the  wavenumber  (A^  —  —  ki)  it  can  be  shown  that 

2cos(^)  Ak  ^  ^ 

3.  SENSITIVITY  ANALYSIS 

In  estimating  the  height  of  the  scattering  phase  center  of  a  dis¬ 
tributed  target  using  (4),  random  fluctuations  of  the  calculated 
or  measured  phase  as  a  function  of  frequency  due  to  fading  must 
be  considered.  Since  the  location  of  the  scatterers  in  the  illumi¬ 
nated  volume  is  random,  the  process  describing  the  scattered 
field  is  a  Wiener  process  and  for  large  number  of  scatterers  the 
process  is  Gaussian.  It  is  shown  that  the  pdf  for  the  difference 
between  phases  of  E2  and  (<;^  =  <^2  -  ^1)  is  related  to  the 


elements  of  the  covariance  matrix  and  is  and  can  be  expressed 
in  terms  of  only  two  parameters  (a  and  C)-  When  the  scattered 
fields  are  completely  correlated  0  =  1  and  the  pdf  of  is  a  delta 
function.  In  this  case  the  calculation  of  the  height  from  (4)  has 
no  error  in  principle.  For  =  C  the  pdf  assumes  its  maximum 
and  this  point  corresponds  to  the  average  height  of  a  uniform 
distributed  target  over  a  flat  ground  plane.  In  this  analysis  the 
objective  is  to  establish  a  relationship  between  the  height  reso¬ 
lution  and  the  frequency  shift  for  a  given  error  probability  cri¬ 
terion.  Let  us  define  the  normalized  correlation  function  of  the 
process  by 


Ri^f)  - 


I  <  EiE*2  >  I 


(5) 


which  is  also  known  as  the  frequency  correlation  function  [4]. 
It  can  be  shown  that  a  -  R{Af).  To  quantify  the  accuracy 
of  the  height  estimation  for  a  given  distributed  target,  let  us  as¬ 
sume  that  the  normalized  frequency  correlation  function  of  the 
target  is  known.  The  objective  is  to  estimate  (  from  which  the 
mean  height  can  be  obtained.  Suppose  6(1)  =  </)  -  C  represents 
the  error  in  the  phase  measurement  which  corresponds  to  an  er¬ 
ror  in  height  measurement  given  by 


6h  = 


6<f) 

2.4A/COS  9 


(6) 


where  6h  is  in  meters,  6<j)  is  in  degrees,  and  A/  is  in  MHz.  The 
uncertainty  in  the  estimation  of  height  can  be  quantified  accord¬ 
ing  to  a  prescribed  error  probability  criterion.  For  example,  6(1) 
can  be  chosen  such  that  the  probability  of  measuring  the  phase 
within  the  6(1)  neighborhood  of  the  coherent  phase  difference  to 
be  90%,  that  is 


P(0E[C~-^^,C  +  (5^])  =  O.9  . 

Hence,  using  this  criterion  the  estimate  of  the  height  is 
h  =■  h  6h 


with  a  probability  of  0.9. 

The  uncertainty  in  the  height  measurement  defined  by  this 
criterion  is  a  complex  function  of  A/  noting  that  6<f)  is  a  func¬ 
tion  of  a  which  is  related  to  A/  through  the  correlation  func¬ 
tion.  Referring  to  (6),  it  seems  that  the  height  uncertainty  de¬ 
creases  when  A/  is  increased;  however,  it  should  also  be  noted 
that  6(j)  increases  when  A/  is  increased.  This  behavior  sug¬ 
gests  that  there  may  exist  a  frequency  shift  A/  for  which  6h  is 
minimized.  This  particular  frequency  shift  will  be  referred  to 
as  the  critical  frequency  shift.  In  order  to  investigate  the  possi¬ 
bility  of  finding  the  critical  frequency  shift,  the  relationship  be¬ 
tween  the  height  uncertainty  and  the  frequency  shift  must  be  ob¬ 
tained.  The  relationship  between  6(t)  and  a  can  be  directly  ob¬ 
tained  from  the  cumulative  distribution  function  (cdO  of  A(j)  — 
(j)-Q,  Note  that  for  most  practical  cases  a  >  0.95  (baseline dis¬ 
tance  or  equivalently  the  frequency  shift  is  rather  small).  The 
relationship  between  6(j)  and  a  is  shown  in  Fig.  1  for  the  80% 
and  90%  probability  criteria. 
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Assuming  a  Gaussian  form  for  the  normalized  frequency  cor¬ 
relation  function  the  uncertainty  in  height  estimation  can  be  re¬ 
lated  to  the  frequency  shift.  Suppose  the  normalized  frequency 
decorrelation  function  is  approximated  by 

R{Af)  «  1  -  (Af/Fdf 

where  Fd  is  a  free  parameter  equal  to  the  frequency  decorrela¬ 
tion  bandwidth  of  an  equivalent  Gaussian  correlation  function. 
Figure  2  sliows  the  product  of  the  height  uncertainty  and  the 
equivalent  decorrelation  bandwidth  versus  frequency  shift  nor¬ 
malized  to  the  decorrelation  bandwidth  for  both  the  80%  and 
90%  criteria.  Thus  the  uncertainty  in  height  measurement  for 
a  distributed  target  with  known  equivalent  decorrelation  band¬ 
width  is  independent  of  frequency  shift  or  equivalently  the  base¬ 
line  distance. 


[4]  Sarabandi,  K.,  and  A.  Nashashibi,  “Analysis  and  ap¬ 
plications  of  backscattered  frequency  correlation  func¬ 
tion, ”/£££  Trans,  Geosci,  Remote  Sensing,  submitted  for 
publication. 


4.  FREQUENCY  CORRELATION  FUNCTION 

As  was  shown  in  the  previous  section  the  frequency  correlation 
function  of  a  distributed  target  is  the  most  important  parameter 
in  estimating  the  height  of  the  scatterer  accurately.  In  a  recent 
study  [4]  it  was  shown  that  the  frequency  correlation  function, 
in  general,  depends  on  two  sets  of  parameters:  (1)  radar  param¬ 
eters  such  as  incidence  angle,  frequency,  polarization,  and  foot¬ 
print  size,  and  (2)  target  parameters  such  as  penetration  depth 
and  albedo.  It  is  also  shown  that  when  the  scattering  is  local-  i 
ized,  that  is,  the  field  correlation  distance  in  the  random  media 
is  small,  the  frequency  correlation  function  can  be  expressed  in 
terms  of  product  of  two  expressions:  (1)  a  system  dependent 
term  only  a  function  of  radar  parameters,  and  (2)  a  target  de¬ 
pendent  term  only  a  function  of  the  target  attributes.  For  a  ho¬ 
mogeneous  layer  of  random  scatterers  such  as  leaves  and  small 
branch  over  a  smooth  ground  plane  the  FCF  was  calculated  as  a 
function  of  the  layer  thickness  and  number  density  of  the  con¬ 
stituent  particles  [4].  The  equivalent  decorrelation  bandwidth 
Fd  is  computed  and  plotted  in  Fig.  3.  It  is  shown  that  as  the 
layer  thickness  and  extinction  increases,  Fd  and  as  a  result  of 
which  the  accuracy  in  height  estimation  increases. 
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Figure  1 :  The  phase  uncertainty  for  80%  and  90%  percent  error 
probability  criteria  as  a  function  of  a. 
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Figure  2:  Product  of  the  height  uncertainty  and  decorrelation 
bandwidth  versus  frequency  shift  normalized  to  Fd. 
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Figure  3:  as  a  function  of  depth  for  a  homogeneous  layer  of 
a  random  medium  at  5.3  GHz  and  6  =  30°. 
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ABSTRACT 

Multi  baseline  repeat  track  interferometry  (RTI)  can 
potentially  be  used  to  measure  both  velocities  and  the  nriicro 
topography  of  glaciers.  The  Danish  Center  for  Remote 
Sensing  ’  (DCRS)  in  corporation  with  the  Danish  Polar  Center 
(DPC)  has  established  a  test  cite  for  studies  of  glacier 
dynamics  on  the  Storstrpmmen  glacier  in  North  East 
Greenland.  DCRS  has  acquired  RTI  data  over  the  glacier  in 
1994  and  1995  and  ERS-1/2  tandem  mode  data  are  also 
available.  This  paper  presents  recent  results  from  this  study. 
The  advantages  of  satellite  and  airborne  RTI  respectively  is 
described.  The  paper  concludes  with  an  analysis  of  different 
configurations  of  the  spatial  and  temporal  baselines. 


INTRODUCTION 

The  ice  sheets  of  Greenland  and  Antarctica  are  important 
components  in  the  global  climate  system.  Glaciers  might  act 
as  indicators  of  changes  in  the  ice  sheet,  thus  monitoring 
methods  are  of  significant  interest.  A  joint  project  between 
the  Danish  Center  for  Remote  Sensing  (DCRS)  and  the 
Danish  Polar  Center  (DPC)  addresses  the  utility  of  airborne  as 
well  as  satellite  repeat  track  interferometry  (RTI)  for  studies 
of  glacier  dynamics  particularly  as  it  relates  to  mass  balance 
estimation. 

Repeat  track  interferometry  can  provide  measurements  of 
surface  displacements  at  sub-centimeter  levels  and/or  relative 
topography  with  decimeters  accuracy.  However,  the 
successful  combination  of  two  or  more  aircraft  images  to 
interferograms  requires  control  of  the  trajectory  to  within  a 
few  meters.  In  the  repeat  pass  mode  the  aircraft  carrying 
EMISAR’f 'I'  is  controlled  by  the  radar  control  computer  via  the 
Instrument  Landing  System  (ILS)  which  again  receives  its 
navigational  information  from  a  P-code  GPS  receiver,  thus 
allowing  routine  acquisitions  of  RTI  data. 

For  the  interpretation  of  the  interferograms  the  required 
accuracy  is  even  more  stringent,  since  all  errors  in  the 
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knowledge  of  the  spatial  baseline  directly  translate  into  the 
same  errors  in  the  displacement  measurements.  This  is 
essential,  due  to  the  small  temporal  baselines  achievable  in 
airborne  interferometry.  When  a  spatial  baseline  is  present 
the  topography  as  well  contributes  to  the  interferogram  phase, 
but  with  the  application  of  multi-baseline  techniques  this 
component  can,  in  principle,  be  removed. 


EXPERIMENTS  ON  STORSTR0MMEN 

The  two  DCRS  studies  investigating  the  utility  of  repeat  track 
interferometry  for  studies  of  glacier  dynamics  uses  airborne 
EMISAR  data  and  data  from  the  ERS-1/2  satellites 
respectively.  For  both  studies  Storstrpmmen  is  selected  as  the 
primary  test  area. 

The  airborne  EMISAR  experiments  are  conducted  in  a  10  km 
(N-S)  by  30  km  (E-W)  area  in  the  lower  part  of 
Storstrpmmen.  In  1994  DPC  deployed  four  corner  reflectors 
on  solid  rock  in  the  test  area  and  surveyed  their  positions  by 
GPS.  In  1995  the  four  reflectors  were  checked  and  their 
position  resurveyed. 

The  reflectors  serve  as  reference  points  for  the  RTI  data.  In 
august  1994  the  area  was  covered  by  C-band  RTI  data 
acquisitions  on  a  one  day  mission.  In  august  1995  L-band 
data  were  acquired  on  two  consecutive  days,  thus  giving  a  one 
day  temporal  baseline  -  an  order  of  magnitude  greater  than  for 
the  1994  data. 

Airborne  interferograms  from  1994  as  well  as  1995  shows 
very  low  phase  noise  and  are  easily  unwrapped. 

The  spatial  baselines,  extracted  from  the  combination  of 
GPS  and  the  radar  Inertial  Navigation  Unit  (INU),  have  been 
refined  with  a  parametric  error  model  tuned  with 
co-registration  errors  from  numerous  small  image  patches, 
[1].  The  uncertainties  on  the  baseline  estimates,  though 
reduced  from  several  meters  to  the  centimeter  level,  are  still 
not  sufficiently  accurate  to  be  used  for  an  extraction  of  the 
glacial  velocity  know  to  be  on  the  order  of  meters  per  year. 
The  major  unknown,  is  probably  a  very  low  frequency  INU 
drift  which  is  presently  being  studied. 

The  satellite  project  concerns  data  from  the  European  Space 
Agency  (ESA)  ERS-1  (launched  June,  1991)  and  ERS-2 
(launched  April  ,  1995)  sensors.  The  satellites  are  presently 
operated  in  a  tandem  mode  such  that,  seen  from  the  earth, 
ERS-2  repeats  the  ERS-1  trajectory  with  a  one  day  delay. 
The  satellites  are  in  a  35  day  repeat  cycle,  thus  allowing  the 
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generation  of  one  interferogram  with  a  one  day  temporal 
baseline  every  35  day  for  any  area. 

After  correcting  the  ERS  data  for  missing  lines  and 
digitization  window  changes  we  generated  single  look 
complex  images,  estimated  baselines,  and  formed 
interferograms.  On  Fig.  1  a  raw  interferogram  covering  a 
100  km  by  200  km  area  around  Storstrpmmen  is  shown.  On 
the  left  the  interferogram  phase  is  shown,  on  the  right  the 
amplitude.  The  phase  is  color  coded  and  is  repeated  for  each 
271,  in  this  case  corresponding  to  either  a  change  in  the 
terrain  height  of  800  m  or  a  line  of  sight  motion  of 
2.8  cm/day.  Two  interferograms  with  a  35  day  separation 
have  presently  been  generated.  However,  one  of  the 
interferograms  is  rather  difficult  to  phase  unwrap,  likely  due 
to  temporal  decorrelation  thus  resulting  in  a  low  correlation 
interferogram. 

Manually  counting  the  fringes  on  the  mountains  shows  that 
a  minor  tilt  of  1-2  fringes  is  still  present.  It  is  also  noted  that 
the  topography  in  this  area  can  account  for  at  most  2  fringes. 
Thus  the  fringe  pattern  on  the  upper  part  of  the  glacier  (with 
an  eastward  flow)  must  be  due  to  a  horizontal  surface  velocity 
of  approximately  300  m/y  in  the  central  part  decreasing  to 
approximately  zero  at  the  sides.  The  almost  vanishing  fringe 
pattern  on  the  lower  part  (with  a  southward  flow)  can  not 
easily  be  interpreted  as  only  the  line  of  sight  component  of  the 
motion  can  be  determined,  thus  providing  virtually  no 
sensitivity  to  velocity  measurement  in  this  flow  direction. 


Fig  1.  Raw  interferogram  from  ERS- 1/2  tandem  data. 


AIRBORNE  VS.  SATELLITE  INTERFEROMETRY 

From  a  users  point  of  view  the  most  significant  advantages 
and  disadvantages  of  airborne  vs.  satellite  interferometry  are: 

•  Coverage  and  resolution.  Satellite  images  have  large 
coverage  and  coarse  resolution.  Data  amounts  as  well  as 
acquisition  time  limits  the  coverage  of  an  airborne 
sensor.  One  airborne  data  file  of  the  10  km  times  30  km 
test  fields  has  approximately  the  same  size  (1  Gbyte)  as  a 
full  100  km  times  200  km  ERS  image. 

•  Spatial  availability.  Areas  coverage  for  a  satellite  is 
inflexible  since  the  satellite  tracks  are  predetermined,  as 
opposed  to  airborne  interferometry.  On  the  other  hand, 
satellites  does  obtain  global  coverage  in  just  a  few  days. 

•  Temporal  availability.  The  satellite  data  generally  have 
a  fixed  temporal  baseline.  The  spatial  baseline  for  an 
airborne  system  can  in  principle  be  chosen  freely,  but  of 
course  cost  issues  are  of  major  importance 

•  Velocity  modeling.  Again  since  the  satellite  tracks  are 
predetermined  only  one  velocity  component  can  be 
measured  (two,  if  ascending  and  descending  orbits  are 
combined).  In  the  ERS  case  the  angle  between  the  tracks 
is  small  (20^-30°)  and  ascending  tracks  are  unfortunately 
not  acquired  at  the  moment.  With  airborne 
interferometry  images  can  be  acquired  from  different 
angles,  in  principle  enabling  the  measurement  of  the  2-D 
(or  even  the  3-D)  velocity  pattern. 

•  Viewing  geometry.  Satellites  usually  uses  steep 
incidence  angles  inhibiting  mapping  of  rough  terrain. 

From  an  engineering  point  of  view  airborne  data  are  usually 
easy  to  unwrap  as  opposed  to  satellite  data.  On  the  other  hand 
baseline  estimation  is  much  more  difficult  for  airborne 
systems. 

SENSITIVITY  ANALYSIS 

The  application  of  RTI  to  studies  of  glacier  dynamics,  has  the 
inherent  problem  that  topography  as  well  as  glacial  movement 
contributes  to  the  interferogram  phase.  The  phase  of  a  pixel, 
(py ,  in  an  interferogram  formed  from  two  images  denoted  i 
and  7,  see  Fig.  2,  are  (to  first  order) 

<p,y  =  -  Y  (^ll,y  +  )  +  ( 1 ) 

In  (1)  X  denotes  the  wavelength,  and  Bj_  jj  the  parallel 
and  perpendicular  baselines  (assuming  a  flat  earth),  A0  the 
angular  deviation  from  the  reference  surface,  Ap^  the  line  of 
sight  (LOS)  motion  of  the  scene  in  the  pixel  and  the  phase 
noise,  [2].  Note  that  motion  compensation  to  a  common 
reference  line  or  the  removal  of  the  flat  earth  phase  are  two 
alternative  means  to  remove  the  parallel  baseline  component 
before  the  interferogram  is  interpreted.  It  is  obvious  that 
topography  and  displacement  can  not  be  determined 
unambiguously  from  (1).  The  ambiguity  can  be  solved  in  one 
of  the  following  ways: 
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Fig.  2.  Geometry  for  interferometric  pair. 


I.  The  topography  term,  A0,  can  be  supplied  from  another 
source,  -  a  digital  elevation  model  (DEM),  [3]. 

II.  Multiple  interferograms  can  be  utilized.  If  the  flow  field 
is  stationary  the  displacements  Ap,y  can  be  collapsed 
into  one  unknown  velocity  v,  since  the  temporal  baseline 
are  usually  well  known,  [4]. 

III.  The  spatial  baseline  can  be  chosen  to  (or  by  change  be) 
zero,  such  that  the  sensitivity  to  topography  is  zero,  [5]. 


Though  III  is  simplest,  it  is  usually  difficult  to  acquire  such 
data  and  one  must  rely  on  either  I  or  IT  The  following  will 
focus  on  II  as  OEM's  of  Arctic  regions  are  not  widely 
available. 

With  a  multi  baseline  technique  (option  II)  the  height  and 
velocity  of  each  pixel  in  the  interferogram  is  'optimally'  found 
by  solving  a  set  of  linear  equations  similar  to  (1)  in  a  least 
square  sense.  To  analyze  the  sensitivity  of  the  solution,  the 
equations  corresponding  to  two  interferograms,  denoted  12 
and  23,  are  investigated.  To  simplify  the  analysis  the 
perpendicular  spatial  baselines  and  the  temporal  baselines  are 
written  as 


i2=.8sina,  I?, 


'  12 


=  tT, 


'  23 


=(1-0^, 


aG[-7t/2;  +  7i/2] 
t  e[0;l] 


If  5jj  denotes  the  standard  deviation  of  the  parallel  baseline 
estimates  (assumed  common  for  all  {i,j))  and  6^  the 
perpendicular  baseline,  it  can  be  shown  that  the  uncertainties 
on  the  topography,  A0,  and  velocity,  v ,  estimates  are 


+{l-tY 


((1. 


5?=- 


Osina 

1 


-^cosa)' 


((1-Osina-^cosa)' 


■(sf  +  A05^) 

■(sf  +  A065^) 


(2) 


(3) 


It  turns  out  that  the  uncertainty  due  to  phase  noise  with  a 
variance  denoted  can  be  calculated  from  (2)-(3)  as  well, 
by  substituting  (KjATi)^  ol  for  (5|f  +A05^). 

The  most  significant  conclusion  is  that  the  topography 
uncertainty  is  independent  of  the  total  time  span,  T,  and  is 
n  inimized  by  choosing  a  configuration  with  large  spatial 
baselines,  B.  Reversely  the  velocity  uncertainties  is 
independent  of  the  magnitude  of  B  and  minimized  by 
choosing  a  large  T .  This  is  of  course  only  valid  to  a  certain 


extend,  since  other  issues  such  as  temporal  decorrelation, 
geometrical  decorrelation  and  phase  unwrapping  must  be 
taken  into  account. 

If  the  temporal  baselines  can  be  chosen  freely  the  global 
minimas  are  reached  when  (r,a)  are  chosen  such  that  one 
interferogram  has  a  zero  temporal  baseline  and  a  large  spatial 
baseline  and  the  other  conversely  has  a  large  spatial  and  a 
zero  temporal  baseline. 

When  the  temporal  baselines  can  not  be  chosen  freely,  the 
optimal  spatial  baseline  ratio  is  easily  found  from  (2)  or  (3). 
An  interesting  special  case  is  the  ERS-1/2  tandem  mode  data 
where  /  =  0.5.  In  that  case  the  optimal  spatial  baselines  for  a 
velocity  estimation  has  same  magnitude  but  opposite  sign. 
Note  that  as  long  as  the  baselines  have  opposite  sign  the 
standard  deviation  is  at  most  a  factor  of  v/2  larger  than  the 
optimal. 


CONCLUSION 

Raw  data  from  the  ERS-1/2  satellites  have  been  processed 
and  the  spatial  baselines  are  estimated  to  within  10  cm. 
Precision  orbit  data  with  a  similar  accuracy,  now  available 
from  ESA,  might  be  used  in  the  future.  Manual  fringe 
counting  on  the  upper  part  of  Storstr0mmen  shows  horizontal 
surface  velocities  of  approximately  300  m/y  in  the  central  part 
decreasing  to  approximately  zero  at  the  sides,  in  good 
agreement  with  in-situ  measurements.  The  interferograms, 
though,  need  to  be  augmented  with  airborne  data,  since  the 
flow  of  the  lower  part  of  the  glacier  is  almost  perpendicular  to 
the  ERS  line  of  sight.  Airborne  data  unwraps  well.  The 
uncertainty  on  the  spatial  baselines  has  been  reduced  from 
several  meters  to  the  centimeter  level,  but  since  the  residual 
errors  are  not  linear  but  rather  caused  by  a  small  drift  in  the 
INU,  this  is  not  sufficiently  accurate.  Work  on  the  estimation 
of  such  a  non-linear  baseline  uncertainty  is  in  progress. 
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Abstract  --  This  paper  presents  the  use  of  ERS-1  repeat-pass 
interferometric  data  for  forest  environment  study.  The  overall 
objective  is  to  assess  the  potentialities  of  interferometric 
information  -  degree  of  coherence  and  phase  difference  -  to 
retrieve  forest  parameters. 

Coherence  is  shown  to  be  a  good  discriminator 
between  forest  stands  and  bare  soil  surfaces.  The  resulting 
map  using  coherence  for  different  interferometric  couples  is 
in  good  agreement  with  ground  data.  Phase  difference 
statistics  are  shown  to  be  helpful  in  discriminating  forest 
stands  of  different  heights. 

INTRODUCTION 

Several  studies  have  shown  the  potentialities  of 
repeat-pass  interferometry  for  the  extraction  of  DEMs  over 
temporally  stable  terrains  or  for  the  detection  of  small  terrain 
movements.  The  interest  in  interferometry  as  a  tool  to  study 
forests  is  more  recent  [l]-[2].  The  objective  of  this  paper  is  to 
analyse  interferometric  data  over  a  well  known  test  site,  the 
Landes  Forest  in  France,  for  a  better  understanding  of  the 
relations  between  interferometric  information  and  forest 
parameters. 

TEST-SITE  AND  DATASET 

The  site  under  test  is  the  Landes  forest,  located  in 
South-Western  France.  It  represents  the  largest  plantation 
forest  in  France,  constituting  nearly  one  million  hectares  on 
flat  topography.  This  artificial  forest  is  almost  totally  formed 
of  maritime  pine  (pinus  pinaster)  and  is  managed  in  a 
consistent  fashion,  which  ensures  the  canopy  to  be 
homogeneous. 

The  ground  data  consist  in  a  biomass  map  which 
provides  information  about  location  and  age  of  more  than  50 
stands  of  maritime  pine,  covering  about  20  ha  each.  The  age 
of  these  stands  ranges  between  2  and  50  years  old,  while  the 
corresponding  biomass  is  between  5  and  150  tons  /  ha.  Clear 
cuts  and  agricultural  fields  are  also  present  in  the  area.  Other 
parameters  such  as  tree  densities  and  dendrometric 
information  are  also  available. 

Interferometric  data  consists  of  3  interferometric 
couples  based  on  ERS-1  SLC  images  acquired  in  1991  and 
processed  by  the  CNES. 


The  characteristics  of  the  interferometric  data  are 
summarized  in  Table  1. 

The  complex  degree  of  coherence  of  the  two  co¬ 
registered  complex  image  values  si  and  s2,  is  given  by: 

where  p  is  the  degree  of  coherence  and  ([)  the  phase  difference 
between  the  two  signals. 


Interferometric 

Set 

Date  of 
acquisition 

Time  interval 
(days) 

Baseline  given 
by  ESA  (m) 

A 

15  oct  91  / 
"0  nov  91 

35 

10 

B 

20  mv  91  / 
02  dec  91 

12 

142 

c 

15  oct  91  / 
02  dec  91 

47 

130 

Table  1 :  Characteristics  of  available  interferometric  data 


COHERENCE 

Fig.  1  presents  the  variations  of  the  coherence  versus 
stand  age  for  the  3  interferometric  sets. 

High  temporal  coherence  is  obtained  for  clear  cuts 
and  open  fields  whereas  it  decreases  with  stand  age. 
Regarding  the  ERS-1  configuration  over  the  Landes  Forest, 
previous  experiment  and  modeling  studies  [3]  have  shown 
that  backscattered  signal  for  low  age  stands  comes  principally 
from  the  soil  contribution,  (Fig.  2)  which  is  time-coherent.  As 
vegetation  grows,  the  proportion  of  volume  backscattered 
signal  increases.  However,  the  volume  scatterers  such  as 
needles  or  branches  are  more  sensitive  to  variations  due  to 
growth  or  wind.  For  different  acquisitions,  these  scatterers 
have  a  high  probability  to  move.  This  leads  to  a  decrease  of 
the  overall  correlation  in  the  case  of  a  forested  area. 

The  overall  coherence  of  sets  A  and  C  is  shown  to  be 
lower  than  coherence  of  set  B.  This  could  be  the  result  of  two 
effects:  (a)  the  degree  of  coherence  could  decrease  as  a 
function  of  time  interval  between  acquisitions  as  shown  in 
[4]  or  (b)  the  strong  precipitation  which  occured  on  October 
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15^^  (34  mm)  caused  a  drop  of  coherence  for  the 
interferometric  sets  which  include  this  acquisition.  Lower 
coherence  of  A  and  C  compared  to  B  observed  over  clear  cuts 
can  be  explained  by  changes  in  the  remaining  vegetation 
cover  (growth  of  herbaceous,  cleaning  of  a  stand  after  a  cut) 
or  by  strong  modifications  of  the  roughness  state. 


35  days  acquisition  Interval 
(15  Oct -20  Nov  91) 


Stand  Age  (years) 


O.S 

0.8 


0.4 

0.3 

0.2 

0.1 


12  days  acquisition  Interval 
(20  Nov -02  Dec  91) 


0  5  10  15  20  25  30  3S  40  45 

Stand  Age  (years) 


B 


47  days  acquisition  Interval 

(15  Oct -02  Dec  91) 

0  5  10  IS  20  25  30  35  40  45 

Stand  Age  (years) 


c 


plough,  harvest  (on  agricultural  fields),  growth  of  herbaceous 
or  cleaning  of  stands. 


stand  Age  (years) 


Fig.  2:  Decomposition  of  scattering  mechanisms  derived  from 
theory  described  in  [7] 


Fig.  3:  Map  of  (a)  coherence  of ’ibt  B 
and  (b)  forest  /  non-forest  areas  based  on  the  degree  of 
coherence.  Nezer  test-site. 


PHASE  DIFFERENCE 


Fig.  1 :  Variations  of  the  degree  of  coherence  with  stand  age 

The  degree  of  coherence  between  two  separate 
acquisitions  can  be  a  good  discriminator  between  forests  and 
bare  soil  surfaces  (or  surfaces  with  low  vegetation  cover). 
The  example  in  Fig.  3b  shows  a  map  of  forest  /  non-forest 
obtained  from  a  thresholding  of  the  degree  of  coherence  of  A 
and  B  interferometric  sets  (3a  for  set  A).  The  resulting  map  is 
in  good  agreement  with  the  forest  map  established  from 
ground  data.  White  areas  are  ground  surfaces  which  did  not 
change  between  the  two  extreme  acquisition  dates  (15  oct  /  2 
dec).  Black  areas  are  forest  stands  characterized  by  a  low 
correlation.  Areas  in  grey  are  fields  or  stands  which 
correlation  state  has  changed.  This  could  have  been  caused  by 


The  interferometric  phase  shift  is  related  to  the 
height  of  the  scatterers.  In  the  forest  case,  this  distance 
depends  on  the  trees  height  and  on  the  penetration  depth. 
Since  the  phase  difference  rms  decreases  with  an  increase  of 
the  degree  of  coherence,  the  measurements  were  extracted 
from  the  interferometric  set  B,  which  presents  the  highest 
overall  coherence.  The  larger  baseline  of  B  is  also  well  suited 
to  reducing  the  rms-height  error  [5]. 

The  digital  elevation  model  of  the  area  of  study  is 
not  available.  However,  the  general  topography  of  the  test- 
site  is  flat  (as  a  rule,  the  slope  is  less  than  0.5%).  We  chose  to 
restrict  the  study  to  a  small  area  around  a  clear  cut  which  was 
considered  as  ground  level. 

Probability  density  functions  (pdf)  of  the  phase 
difference  for  stands  of  different  ages  surrounding  the 
selected  clear-cut  are  Iculated.  Fig.  4  presents  pdfs  of  the 
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clear-cut  and  of  stands  of  17  and  40  years  old.  The  pdfs  show 
an  overall  good  agreement  with  the  theoretical  pdfs  siven  by 
[6]. 

The  offset  between  the  mean  phase  difference  for  a 
forested  area  and  the  mean  phase  difference  for  the  clear  cut 
(ground  reference)  is  related  to  the  scatterers  height.  The 
spreading  of  the  pdf  is  linked  to  the  degree  of  coherence.  We 
can  observe  that  the  variation  of  the  mean  value  of  the  phase 
difference  is  a  monotonous  function  of  the  stand  age. 

The  mean  value  of  the  phase  difference  is  extracted 
from  each  stand  and  the  corresponding  height  difference  is 
computed.  This  leads  to  the  effective  heights  given  in 
Table  2. 

Discrepancies  exist  between  computed  and  actual 
heights.  The  measured  height  is  not  the  height  of  the  top  of 
the  trees,  but  the  height  of  scatterers  distributed  over  a 
thickness  equal  to  the  penetration  depth  and  is  smaller  than 
the  actual  height.  Further  work  will  consist  in  using  the 
modified  radiative  transfer  model  developped  in  [7]  to 
estimate  the  effective  penetration  depth  for  each  stand. 
Moreover,  despite  the  low  slope,  forest  stands  are  large 
enough  to  induce  a  shift  of  a  few  meters  in  the  ground  level. 
This  shift  could  be  corrected  by  using  a  DEM 
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Fig.  3:  Pdfs  of  the  phase  difference  of  interferometric  set  B. 
Experiment  vs  Theory 


Stand  Age 

Measured  Effective  Height 

Actual  Height 

0 

0  m 

0  m 

9 

6.0  m 

5.35  m 

17 

6.9  m 

lOm 

36 

10.1  m 

16  m 

39 

10.2  m 

17.2  m 

Table  2:  Computed  vs  measured  tree  heights 

The  rms  errors  on  estimated  height  are  very 
important.  The  errors  could  be  reduced  (a)  by  using 
interferometric  pairs  with  a  larger  baseline  to  reduce  rms 
height  dependence  on  rms  phase  difference,  and  (b)  by 
enhancing  the  overal  degree  of  coherence  using 
interferometric  pairs  with  a  smaller  time  interval. 

CONCLUSION 

This  study  has  underlined  the  relations  between  the 
interferometric  degree  of  coherence  and  the  forest  age  (or 
biomass).  Coherence  has  been  shown  to  be  efficient  to 
discriminate  forest  areas  from  clear-cuts.  Qualitative  use  of 
phase  difference  may  be  undertaken  to  classify  forest  stands 
of  different  heights  (related  to  biomass). 

Optimal  interferometric  pairs  with  a  smaller  time 
interval  and  a  larger  baseline  should  (a)  enhance  the  use  of 
the  degree  of  coherence  to  discriminate  young  forest  stands 
and  (b)  permit  a  more  quantitative  use  of  the  phase  difference 
to  extract  forest  height. 
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ABSTRACT 

Interferometric  synthetic  aperture  radar  (INSAR)  data 
are  sensitive  to  characteristics  of  the  vertical  distribu¬ 
tion  of  vegetation  and  the  underlying  surface  topography, 
both  of  which  are  of  critical  importance  in  successional 
ecological  modeling  and  hydrology.  However,  even  with 
the  simplest  scattering  model,  the  number  of  parameters 
describing  the  vegetation  and  surface  topography  needed 
to  characterize  the  INSAR  response  exceeds  the  number 
of  independent  INSAR  observations.  Introducing  INSAR 
measurements  across  two  baselines  extends  the  observa¬ 
tion  set  and  potentially  enables  the  estimation  of  all  the 
parameters  in  a  homogeneous-layer  scattering  model  de¬ 
scribed  below.  The  baseline  lengths  and  INSAR  accu¬ 
racies  needed  for  multibaseline  INSAR  parameter  esti¬ 
mation  are  discussed  below.  A  demonstration  of  multi¬ 
baseline  INSAR  with  TOPSAR  data  over  the  BOREAS 
Southern  Test  Site  yields  estimates  of  the  vegetation  layer 
depths  and  extinction  properties. 

1.  INTRODUCTION 

INSAR  data  can  potentially  be  used  to  infer  the  verti¬ 
cal  structure  of  vegetation  and  the  underlying  surface  to¬ 
pography.  In  order  to  estimate  vegetation  and  surface 
topographic  parameters  from  INSAR,  a  physical  model 
relating  the  INSAR  data  to  the  properties  of  the  vege¬ 
tation  and  surface  topography  must  be  used.  A  simple 
homogeneous-layer  model  outlined  below  suggests  that 
a  minimum  of  three  physical  parameters  are  needed  to 
describe  the  INSAR  response  to  a  vegetation  layer  [1] 

The  research  described  in  this  paper  was  carried  out  in  part 
by  the  Jet  Propulsion  Laboratory,  California  Institute  of  Tech¬ 
nology,  under  contract  with  the  National  Aeronautics  and  Space 
Administration. 


(see  Fig.  1):  1)  the  depth  of  the  vegetation  layer 
2)  the  extinction  coefficient  (power  loss  per  unit  length) 
(Ja;,  and  3)  the  altitude  of  the  underlying  ground  surface 
zo>  However,  for  single-baseline,  single- frequency,  single¬ 
polarization,  and  single-incidence-angle  INSAR,  there  are 
only  two  effective  observations:  1)  the  amplitude  and  2) 
phase  of  the  INSAR  complex  cross-correlation  (introduc¬ 
tion  of  the  backscattered  power  observation  requires  an¬ 
other  parameter  [1],  and  will  be  ignored  here).  Thus  the 
estimation  of  the  above  three  parameters  is  under  deter¬ 
mined.  Introducing  a  second  INSAR  baseline  extends  the 
observation  set  and  facilitates  the  estimation  of  vegetation 
and  surface  parameters.  In  the  next  section,  the  modeling 
of  the  INSAR  return  with  a  homogeneous  vegetation  layer 
is  described  with  expressions  relating  the  above  parame¬ 
ters  to  the  INSAR  observations.  Section  3  explores  the 
baseline  combinations  and  noise  characteristics  required 
to  uniquely  estimate  all  parameters,  and  shows  the  re¬ 
sults  of  parameter  estimation  from  the  BOREAS  data. 
Section  4  contains  a  summary  and  recommendations  for 
future  data  acquisition  and  analysis  improvements. 

2.  HOMOGENEOUS-LAYER  MODELING  OF 
THE  INSAR  RETURNS 

This  section  will  summarize  a  model  of  the  vegetation 
layer  as  a  homogeneous  scattering  medium,  which  is  com¬ 
pletely  described  in  [1] .  Fig.  1  schematically  shows  a  hor¬ 
izontal  baseline  and  ground  surface  for  simplicity.  The 
principal  INSAR  observations  are  contained  in  the  nor¬ 
malized  complex  cross-correlation,  Ctv,  which  is  defined 
as 

|C„|  =  I  <  >  I 

,/<  £2(j5i)  ><  E2(R2)  > 
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where  E{Ri)  and  £'(^2)  are  the  signals  at  each  end  of  the 
baseline.  The  received  fields  contributing  to  E{Ri)  and 
£(£2)  can  be  thought  of  as  a  sum  of  fields  originating 
from  vegetation  constituents  such  as  that  located  at  Rj 
in  Fig.  1.  It  is  shown  in  [1]  that,  after  correction  for  signal- 
to-noise  characteristics,  which  are  discussed,  for  example, 
in  [1],  [2],  and  [3],  and  after  neglecting  small  refractivity 
effects,  also  discussed  in  [1],  the  magnitude  and  phase  of 
Cjv  can  be  written  as 


1) 

2)  (j^obs 


r  ‘Ar  1  r  Ay{(7xjl^v)  i 
-^i?|aT  =0  ^v)\az—0 

arg(Civ)  =  (l>v{cr  X5  ) -^  <Po{zo)  (2) 


where  the  term  in  the  first  set  of  brackets  is  the  correla¬ 
tion  amplitude  due  to  the  finite  extent  of  the  range  cell, 
and  the  term  in  the  second  set  of  brackets  is  due  to  the 
finite  vertical  extent  of  the  vegetation.  The  Ar  and  Ay 
functions  are  defined  in  [1],  and  are  only  shown  here  to 
demonstrate  that  \Cj\i\  depends  on  the  vertical  depth  of 
the  vegetation  hy  and  the  extinction  coefficient  <7^,  which 
is  defined  as 

_  47rpo/m  <  ff  > 
ko 


— 


(3) 


where  po  is  the  average  number  density  of  vegetation  scat- 
terers,  Im  <  fj  >  is  the  average  imaginary  part  of  the 
forward  scattering  amplitude  of  the  vegetation  scatterers, 
and  ko  is  the  wave  number  at  the  center  of  the  radar  pass 
band.  The  terms  and  are  the  partial  derivatives  of 
the  interferometric  phase  with  respect  to  the  distance  and 
altitude  of  a  reference  point  taken  to  be  at  the  ground  sur¬ 
face;  they  depend  on  the  experimental  configuration,  and 
in  particular  on  baseline.  The  observed  phase  (j)obs  in  the 
second  line  of  (2)  is  a  sum  of  a  vegetation-induced  phase, 
(j)y  and  the  phase  (po  due  to  scattering  at  a  reference  point 
chosen  to  be  at  the  bottom  of  the  layer.  While  the  three 
parameters,  hy,  cr^,  and  zq  cannot  be  determined  from 
one  complex  Cj^  measurement,  they  can  be  estimated  by 
adding  data  from  another  baseline,  for  which  the  func¬ 
tional  form  of  (2)  is  changed,  via  Ar  and  Ay,  without 
introducing  any  new  parameters. 


brevity.  The  vegetation  depth  and  extinction  coefficient 
will  be  determined  by  using  the  first  line  of  (2)  twice,  once 
for  each  baseline,  and  solving  for  the  two  parameters.  The 
vegetation  phase  (t)y  also  has  information  on  these  two  pa¬ 
rameters,  but  it  is  not  expected  to  be  as  sensitive  to  the  hy 
and  ax  parameters  as  \Cn\.  Once  those  2  parameters  are 
estimated,  >2:0  be  estimated  from  the  induced  (l)y  and 
(j)obs  using  the  second  line  of  (2).  In  the  absence  of  noise, 
the  parameters  would  be  uniquely  determined.  Noise  on 
the  cross-correlation  magnitudes,  for  example,  induces  an 
uncertainty  in  the  values  of  hy  and  ax  •  For  typical  TOP- 
SAR  baselines  of  2.5  m  and  5  m,  hy  and  are  frequently 
not  well-determined.  Fig.  2  shows  the  set  of  hy  and  ax 
values  which  are  allowed  for  an  old  jack  pine  stand  in  the 
BOREAS  Southern  Test  Site,  measured  at  a  wavelength 
of  5.6  cm,  at  about  28°  incidence,  for  which  the  noise  on 
the  normalized  cross-correlations  was  taken  to  be  0.001. 
This  seemingly  low  noise  value  was  achieved  by  averaging 
over  a  few  thousand  pixels,  which  yields  areas  of  the  order 
of  1  km^.  For  longer  baselines,  the  averaging  would  not 
have  to  be  over  such  a  large  area.  As  can  be  seen  from 
Fig.  2,  the  2.5-m  or  5-m  baselines  alone  will  not  constrain 
the  parameters,  because  the  hy  parameter  on  the  abscissa 
has  a  wide  range  of  allowed  values,  which  actually  extends 
to  infinity.  But  the  intersection  of  the  allowed  values  for 
each  baseline  (in  white  in  Fig.  2),  which  is  the  multibase¬ 
line  solution,  constrains  the  solutions  to  the  overlap  region 
in  Fig.  2.  The  multibaseline  hy  solution  is  24-34  m,  while 
ax  is  constrained  to  the  range  0.22-0.29  db/m.  Fig.  3 
shows  a  similar  plot  for  a  stand  of  young  jack  pine,  at 
an  incidence  angle  of  about  29°.  Because  the  young  jack 
pine  stand  is  shorter,  the  correlation  signature  between 
baselines  is  less  distinct,  and  these  two  TOPSAR  base¬ 
lines  were  insufficient  to  determine  the  two  parameters,  as 
their  intersection,  which  is  equivalent  to  the  5-m  baseline 
solutions,  contains  values  of  hy  out  to  infinity.  Approxi¬ 
mate  ground  truth  vegetation  depths  are  15  and  4  m  for 
old  and  young  jack  pine,  repectively.  The  multibaseline 
solutions  are  therefore  consistently  high.  Potential  rea¬ 
sons  for  overestimating  hy  will  be  discussed  in  the  next 
section. 


3.  USING  MULTIBASELINE  INSAR  FOR 
VEGETATION  PARAMETER  ESTIMATION 

The  standard  TOPSAR  baseline  is  2.5  m  [4],  which  is  re¬ 
alized  by  transmitting  from  one  end  of  the  baseline  and 
receiving  at  both  ends  of  the  baseline.  An  effective  5-m 
baseline  was  generated  by  transmitting  at  both  ends  of 
the  baseline  and  receiving  at  both  ends.  Although  multi¬ 
baseline  INSAR  potentially  provides  enough  observations 
(4  total  observations  for  2  baselines)  to  estimate  all  three 
parameters  mentioned  above,  this  paper  will  concentrate 
only  on  the  vegetation  depth  and  extinction  coefficient  for 


4.  INTERPRETATION  AND  FUTURE  DATA 
ACQUISITION  /ANALYSIS  IMPROVEMENTS 

From  Fig.  2  and  Fig.  3,  it  can  be  seen  that  the  simultane¬ 
ous  use  of  2  INSAR  baselines  has  the  potential  for  estimat¬ 
ing  the  vegetation  depth  and  extinction  coefficient  param¬ 
eters.  Although  not  shown  here,  the  ground  surface  alti¬ 
tude  Zq  can  also  be  estimated  from  the  multibaseline  data. 
Fig.  3  demonstrates  that  even  for  the  large  averaging  ar¬ 
eas  (approximately  1  km  on  a  side)  used  in  this  study, 
the  2.5-m  and  5-m  baseline  pair  are  not  useful  for  esti¬ 
mating  the  complete  parameter  set.  It  has  been  shown  by 
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simulation  that  a  5-m  and  10-m  baseline  would  be  better 
suited  to  parameter  estimation  with  typical  noise  values  of 
about  0.005  on  areas  with  linear  dimensions  of  the  order 
of  100  m.  The  bias  toward  high  values  of  vegetation  depth 
in  the  current  study  can  arise  from  a  number  of  instru¬ 
mental  and  modeling  factors  detailed  in  [1].  Chief  among 
them  are  correlation  loss,  due  to  an  effectively  larger  range 
resolution  cell,  which  is  larger  than  the  nominal  loss  calcu¬ 
lable  from  the  standard  radar  step-chirp.  A  larger  range 
bite  would  tend  to  lower  the  correlation  amplitude  which 
would  cause  estimates  of  vegetation  depth  to  be  too  high, 
and  extinction  coefficients  and  surface  altitudes  to  be  too 
low.  One  inadequacy  in  the  modeling  may  be  the  failure 
to  account  for  ground  and  ground-trunk  returns,  which 
should  be  negligible  at  the  5.6-cm  wavelength,  but  would 
induce  a  lower  cross-correlation  amplitude.  Future  model 
improvements  will  include  the  ground  and  ground-trunk 
returns,  at  the  expense  of  introducing  more  parameters 
describing  the  surface  reflection  properties.  A  data  acqui¬ 
sition/analysis  strategy  involving  multifrequency  and 


multibaseline  INSAR  may  be  capable  of  estimating  all  the 
parameters  in  the  extended  set. 
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Fig.  2:  Old  jack  pine  (  15  m  tall)  allowable  extinction-coefficient  and  vegetation- 
depth  solutions  for  2.5  m  (dark).  5  m  (light)  baselines,  and  their  intersection  (white). 
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Fig.  3:  Young  Jack  pine  (~4  m  tall)  allowable  extinction-coefficient  and 
vegetation-depth  solutions  for  2.5  m  (dark)  and  5  m  (light)  baselines. 
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Abstract  -  The  phase  information  in  along-track  interfer¬ 
ometric  synthetic  aperture  radar  (along-track  INSAR,  ATI) 
images  is  a  measure  of  the  Doppler  offset  of  the  backscattered 
signal  and  thus  of  the  line-of-sight  velocity  of  the  scatterers.  It 
is  hoped  that  this  information  can  be  exploited  for  oceanic 
surface  current  measurements  from  aircraft  or  spacecraft. 
However,  the  Doppler  offset  of  the  radar  backscatter  from  the 
ocean  arises  not  exclusively  from  the  mean  surface  current, 
but  it  includes  contributions  associated  with  surface  wave 
motions.  We  have  developed  a  very  efficient  model  for  the 
computation  of  these  contributions  and  of  the  complete  Dop¬ 
pler  spectra.  In  this  work,  we  present  the  theoretical  concept 
of  the  model  and  discuss  the  actual  possibilities  and  limita¬ 
tions  of  oceanic  current  measurements  by  ATI. 

INTRODUCTION 

A  radar  signal  which  is  backscattered  by  a  moving  target 
experiences  a  Doppler  shift  in  frequency  proportional  to  the 
target’s  line-of-sight  velocity.  The  Doppler  spectrum  of  the 
radar  return  from  the  ocean  surface  represents  a  distribution  of 
the  line-of-sight  velocity  of  the  scatterers,  weighted  by  their 
contribution  to  the  backscattered  power.  The  bandwidth  of  the 
Doppler  spectrum  depends  on  the  amplitudes  of  the  ocean 
waves  within  the  illuminated  area.  The  first  moment  of  the 
Doppler  spectrum,  the  Doppler  offset,  can  be  converted  into  a 
weighted  mean  line-of-sight  velocity  of  the  scatterers. 

Along-track  interferometric  synthetic  aperture  radar  (along- 
track  INSAR,  ATI)  systems  can  directly  detect  the  Doppler 
offset  associated  with  each  pixel  of  a  SAR  image  [1].  This 
technique  is  promising  for  remote  measurements  of  spatial 
surface  current  variations  and  of  the  orbital  motions  of  long 
waves.  Conventional  radars  can  measure  only  the  normalized 
radar  backscattering  cross  section  (NRCS)  variations  which 
result  from  such  features. 

However,  the  Doppler  offset  is  not  simply  proportional  to 
the  component  of  the  mean  surface  current  parallel  to  the 
radar  look  direction.  It  includes  also  contributions  associated 
with  the  phase  velocity  of  the  short  waves  that  give  rise  to 
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resonant  Bragg  scattering  and,  via  higher-order  effects,  with 
the  orbital  motions  of  all  ocean  waves  that  are  long  compared 
to  the  Bragg  waves.  Comparisons  of  simultaneously  acquired 
radar  and  in-situ  data  have  shown  that  measured  "Doppler 
velocity  fields"  can  deviate  strongly  from  the  actual  surface 
current  fields  [2].  Also  a  clear  dependence  of  the  Doppler 
offset  on  the  polarization  of  the  radar,  which  is  known  from 
Doppler  scatterometry,  indicates  that  wave  motion  effects  may 
not  be  neglected  when  converting  Doppler  offsets  into  cur¬ 
rents.  ATI  data  must  be  corrected  for  these  effects. 

Measured  Doppler  spectra  can  be  relatively  well  explained 
by  fundamental  radar  backscattering  models  based  explicitely 
on  Maxwell’s  equations  (e.g.,  [3]).  However,  such  models  are 
quite  complex,  and  computations  are  time-consuming.  For  a 
better  understanding  of  the  ATI  imaging  mechanism  and  for 
extensive  numerical  analyses,  it  would  be  desirable  to  have  a 
simplified  model  which  reduces  the  calculation  of  Doppler 
offsets  to  an  evaluation  of  a  few  key  expressions.  As  far  as 
NRCS  calculations  are  concerned,  this  has  been  achieved  with 
the  development  of  composite  surface  models  based  on  the 
simple  equations  of  Bragg  scattering  theory  (e.g.,  [4]). 

In  fact,  we  have  developed  a  new  model  which  combines 
the  advantages  of  a  composite  surface  model  with  the  capa¬ 
bility  of  Doppler  calculations.  In  this  paper  we  present  the 
theory  of  the  proposed  model,  compare  model  predictions 
with  results  of  a  more  fundamental  model,  and  discuss  the 
resulting  theoretical  possibilities  and  limitations  of  oceanic 
current  measurements  by  ATI. 

THEORY  OF  THE  MODEL 

In  general,  the  Doppler  shift  fp  of  the  radar  signal  back- 
scattered  by  a  moving  target  is  given  by 

(1) 

where  is  the  magnitude  of  the  electromagnetic  wave  vector 
and  Vp  is  the  line-of-sight  component  of  the  target  velocity. 
Since  the  backscattering  of  microwaves  at  the  ocean  surface 
is,  for  moderate  incidence  angles,  dominated  by  Bragg  scatter¬ 
ing,  some  Doppler  shift  will  always  result  from  the  phase 
speed  of  the  short  Bragg  waves  at  the  ocean  surface  that  give 
rise  to  resonant  interaction  with  the  electromagnetic  waves.  If 
no  surface  currents  and  longer  waves  were  present,  the  Dop- 


0-7803-3068-4/96$5.00©1996  IEEE 


981 


pier  spectrum  would  consist  of  two  lines  associated  with  the 
Bragg  waves  traveling  towards  and  away  from  the  radar.  The 
intensity  of  the  two  lines  would  be  proportional  to  the  wave- 
height  spectral  densities  of  the  two  Bragg  wave  components. 

However,  the  orbital  motions  of  longer  waves  within  the 
footprint  of  the  radar  and  the  corresponding  velocity  distribu¬ 
tion  must  lead  to  a  broadening  of  the  two  lines.  The  variation 
of  the  Doppler  shift  with  the  line-of-sight  velocity  along  a 
sinusoidal  wave  can  be  related  to  the  surface  slope  by  a  com¬ 
plex  linear  modulation  transfer  function  D.  If  the  amplitude  of 
the  wave  is  and  its  wavenumber  is  k,  one  obtains  for  the 
probability  density  function  (pdf)  of  the  Doppler  frequencies 
associated  with  the  sinusoidal  wave 

Px  if)  =  -■■)■  ■■■-"7  where  |/|  <  /q  =  \E\Kq  .  (2) 

V/o  -/ 

The  shape  of  this  distribution  is  similar  to  a  capital  letter  M. 
Together  with  the  Doppler  shift,  however,  also  the  NRCS 
varies  along  the  sinusoidal  wave.  Looking  at  the  Doppler 
spectrum,  this  results  in  a  weighting  of  the  different  values  of 
pjj)  with  the  corresponding  contributions  to  the  backscattered 
power.  Accounting  for  variations  of  the  NRCS  up  to  second 
order  in  the  surface  slope,  an  "elementary"  Doppler  spectrum 
associated  only  with  the  motions  of  a  given  sinusoidal  wave 
will  be  proportional  to 


the  full  two-dimensional  waveheight  spectrum.  According  to 
the  central  limit  theorem,  the  resulting  distribution  will  be 
Gaussian.  We  obtain  for  its  variance 
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(4) 


and  for  its  mean  value 

where  ^  is  the  waveheight  spectrum. 

Finally,  the  actual  Doppler  spectrum  5(/)  is  obtained  by 
centering  the  two  Gaussian  distributions  at  the  positions  cor¬ 
responding  to  the  respective  lines  associated  with  the  Bragg 
wave  phase  speed  and  multiplying  them  by  the  corresponding 
zeroth-order  NRCS  and  by  a  factor  (l+jJ^i(^)A)  which  ac¬ 
counts  for  the  second-order  contributions  to  the  NRCS.  The 
integral  of  S{j)  will  then  yield  the  NRCS,  and  the  first  moment 
of  Sif)  yields  the  Doppler  offset  in  the  absence  of  a  mean 
surface  current.  The  current-related  Doppler  offset  will  lead  to 
a  further  frequency  shift  of  the  spectrum.  In  order  to  retrieve 
currents  from  ATI  data,  the  data  must  be  corrected  for  the 
wave-related  contributions. 


MODEL  RESULTS 
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where  the  coefficient  a  accounts  for  the  effect  of  NRCS 
variations  of  first  order  in  the  surface  slope,  and  b^bi  account 
for  the  effect  of  constant  and  oscillating  second-order  contri¬ 
butions  to  the  NRCS,  respectively.  The  distribution  is 
similar  to  pt,  but  it  may  be  asymmetric  and  have  a  slightly 
different  bandwidth  and  mean  value.  The  coefficients  a,  bi,  ^2 
can  be  derived  from  the  equations  of  Bragg  scattering  theory. 
In  general,  they  depend  on  the  two-dimensional  wavenumbers 
of  the  modulating  sinusoidal  wave,  and  they  may  be  different 
for  the  distributions  associated  with  the  two  Bragg  wave  com¬ 
ponents.  In  addition  to  pure  geometric  effects,  we  include  also 
the  effect  of  hydrodynamic  modulation  of  the  Bragg  wave 
intensity  by  longer  waves.  The  resulting  model  is  then  com¬ 
pletely  consistent  with  a  previous  version  that  was  employed 
for  NRCS  simulations  [4]. 

On  a  real  ocean  surface,  a  full  two-dimensional  spectrum  of 
surface  waves  is  present.  Assuming  that  all  waves  are  propa¬ 
gating  independently  of  each  other,  their  mean  effect  on  the 
Doppler  shift  and  the  NRCS  will  be  equal  to  the  sum,  or  inte¬ 
gral,  of  their  single  effects.  In  principle,  the  shape  of  the 
longer- wave  related  Doppler  spectrum  associated  with  each  of 
the  two  Bragg  wave  components  is  then  given  as  the  convolu¬ 
tion  of  an  infinite  number  of  infinitely  narrow  distributions  of 
the  form  (3),  representing  an  integral  of  all  wave  effects  over 


Fig.l  shows  examples  of  some  Doppler  spectra  obtained 
from  the  proposed  model  and  from  a  time-dependent  model 
based  on  fundamental  equations  as  described  in  [3].  For  these 
model  simulations,  the  radar  frequency  was  assumed  to  be 
1.0  GHz  (L  band)  at  vertical  (VV)  polarization,  the  incidence 
angle  is  30°,  and  the  azimuthal  radar  look  direction  is  75° 
with  respect  to  the  downwind  direction.  Doppler  spectra  are 
shown  for  wind  speeds  of  3,  6,  and  12  m/s  at  a  height  of  10  m; 
there  is  no  mean  surface  current. 

Both  models  predict  Doppler  spectra  of  similar  shapes  and 
with  comparable  band  widths  and  Doppler  offsets.  In  particu¬ 
lar,  both  models  show  two  separate  peaks  for  the  two  Bragg 
wave  components  in  the  3  m/s  case,  which  are  broadened  with 
increasing  wind  speed  until  a  quasi- Gaussian  spectrum  is 
obtained  at  12  m/s  winds.  The  proposed  model,  which  reduces 
computing  times  by  a  factor  of  more  than  10,  appears  to  re¬ 
produce  basic  properties  of  the  Doppler  spectra  quite  well. 
Remaining  differences  between  the  two  models  can  be  mainly 
attributed  to  the  fact  that  different  parameterizations  of  the 
waveheight  spectrum  have  been  used.  Another  difference  is 
the  inclusion  of  hydrodynamic  modulation  effects  in  the  pro¬ 
posed  model,  which  are  neglected  in  the  other  model. 

Fig. 2  shows  examples  of  simulated  "Doppler  velocity"  sig¬ 
natures  of  a  simple  current  feature  similar  to  typical  currents 
over  underwater  sandwaves  in  tidal  waters.  A  surface  current 
change  from  0.9  m/s  to  1.1  m/s  within  50  m  causes  a  hydrody¬ 
namic  modulation  of  the  ocean  wave  spectrum.  Due  to  this  ef¬ 
fect,  the  contribution  of  the  surface  waves  to  the  Doppler  ve- 
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Figure  1;  Simulated  Doppler  spectra  for  L  band  (LO  GHz),  vertical  (VV)  polarization,  an  incidence  angle  of  30°,  and  an 
azimuthal  radar  look  direction  of  75°  with  respect  to  the  wind  direction.  Wind  speeds  are  a)  3  m/s,  b)  6  m/s,  c)  12  m/s.  Solid 
lines:  results  of  the  proposed  model;  dashed  lines:  results  of  a  more  fundamental  model  (see  text  for  details). 


locities  will  not  differ  by  a  constant  offset  but  by  a  spatially 
varying  offset  from  the  true  surface  current. 

For  the  computation  of  the  spatially  varying  wave  spectra 
we  have  used  a  numerical  model  based  on  the  equations  of 
weak  hydrodynamic  interaction,  as  described  in  [5].  A  special 
feature  of  this  model  is  a  correction  of  the  wind  speed  for  the 
local  current,  i.e.,  only  relative  wind  speeds  enter  into  the 
equilibrium  waveheight  spectrum.  In  order  to  demonstrate  the 
dependence  of  the  Doppler  velocity  variations  on  the  wind 
direction,  simulations  were  carried  out  for  wind  directions 
ranging  from  0°  to  180°  with  respect  to  the  current  direction, 
while  the  radar  look  direction  was  always  aligned  with  the 
current  direction. 


X  [m]  X  [m] 


Figure  2:  Simulated  Doppler  velocity  signatures  of  a  simple 
surface  current  feature  (bold  line)  for  a  downstream  looking 
radar  and  wind  directions  between  down-  (0°)  and  upstream 
(180°);  a)  L  band  (1.0  GHz),  HH,  incidence  angle  =  30°, 
wind  speed  =10  m/s;  b)  X  band  (10.0  GHz),  VV,  60°,  5  m/s. 


Fig. 2a  shows  model  results  for  a  relatively  low  radar  fre¬ 
quency,  horizontal  polarization,  a  relatively  steep  incidence 
angle,  and  a  relatively  high  wind  speed.  Here  the  Doppler 
signatures  look  quite  different  than  the  original  current  field. 
The  situation  is  much  less  complicated  in  the  case  shown  in 
Fig.2b,  i.e.,  for  a  high  radar  frequency,  VV  polarization,  a 
high  incidence  angle,  and  a  low  wind  speed. 

According  to  these  first  results,  a  retrieval  of  oceanic  sur¬ 
face  currents  from  ATI  data  appears  to  be  feasible  if  the  right 
parameters,  in  particular  high  radar  frequencies  and  incidence 
angles,  are  chosen.  We  will  soon  present  results  of  a  more 
detailed  study. 
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Abstract —  Remote  sensing  of  the  ocean  surface  using  In¬ 
terferometric  SAR  techniques  is  of  significant  interest  due 
to  the  potential  for  synoptic  measurement  of  ocean  wave 
and  surface  current  patterns.  INSARs  use  the  phase  differ¬ 
ence  between  colocated  SAR  images  separated  by  a  small 
time  lag  to  infer  surface  radial  velocities,  and  hence  wave 
orbital  velocities  and  currents.  The  quality  of  such  mea¬ 
surements  is  affected  both  by  the  integration  time  used 
in  forming  SAR  images  and  by  the  much  smaller  time  lag 
separating  the  images. 

In  March  1994,  the  FOPAIR  imaging  radar  obtained 
near-instantaneous  imagery  of  ocean  surface  backscatter 
and  Doppler  velocity  at  64  frames  per  second.  In  this  pa¬ 
per  we  investigate  explicitly  sea  surface  motion  effects  on 
INSAR  imagery  by  subsampling  the  radar’s  data  stream. 
Through  sub-sampling,  longer  coherent  integration  times 
are  synthesized  yielding  INSAR-like  images  which  may  be 
compared  to  coincident  high-speed  radar  images.  Through 
this  analysis,  the  effects  of  integration  time  on  image  qual¬ 
ity  and  current  measurements  are  revealed. 

I  Introduction 

In  recent  years  the  innovation  of  Interferometric  Syn¬ 
thetic  Aperture  Radar  (INSAR)  has  provided  the  poten¬ 
tial  for  imaging  of  near-surface  ocean  currents  [1].  INSAR 
operates  in  a  similar  manner  to  SAR  except  two  anten¬ 
nas  spatially  separated  in  the  along-track  direction  re¬ 
ceive  the  backscattered  signal  yielding  separate  complex 
SAR  images.  Through  the  motion  of  the  platform,  it  is 
possible  to  coregister  the  two  images.  When  co-registered 
the  SAR  images  are  separated  by  a  time  lag  equal  to  the 
antenna  separation  divided  by  the  platform  velocity,  and 
the  covariance  of  the  two  images  is  the  interferometric 
product.  The  magnitude  is  akin  to  a  conventional  SAR 
image  while  the  phase  contains  Doppler  velocity  infor¬ 
mation.  Typically  the  time  lag  between  images  is  much 
smaller  (O(msec))  than  the  integration  time  used  for  ei¬ 
ther  image  (0(1  second)). 

In  a  manner  similar  to  INSAR,  the  FOcused  Phased 
Array  Imaging  Radar  (FOPAIR)  [2]  utilizes  a  pulse-pair 
technique  applied  to  successive  images  to  infer  the  scene 
velocity.  FOPAIR  is  an  X-band  system  consisting  of  a  sin¬ 
gle  transmit  horn  and  a  sequentially  sampled,  64-element 
receive  array.  By  scanning  the  receive  array  very  rapidly, 
one  obtains  an  instantaneous  snapshot  of  the  ocean  sur¬ 
face  complex  backscatter,  and  the  covariance  of  succes¬ 
sive  temporal  images  yields  Doppler  velocity  information. 
Usually,  the  time  lag  between  the  images  is  larger  than 
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the  integration  time  for  each  image.  If,  however,  the  array 
is  sampled  more  slowly,  the  effects  of  gross  surface  mo¬ 
tions  and  decorrelation  during  the  integration  time  can 
be  observed. 

In  this  investigation  INSAR  imaging  is  emulated  by 
subsampling  the  FOPAIR  data  stream  thereby  extending 
the  integration  time.  For  example,  an  aperture  may  be 
synthesized  by  combining  the  response  of  element  1  from 
scan  1,  element  2  from  scan  2,  element  3  from  scan  3, 
and  so  on.  This  method  will  yield  a  total  integration¬ 
time  which  is  64  times  the  original  frame  rate.  If  a  smaller 
integration  time  is  desired  then  subgroups  of  elements  can 
be  used  from  each  scan  to  synthesize  the  aperture.  Using 
this  technique,  half-second  integration-time  images  are 
compared  with  instantaneous  images  in  the  next  section. 

II  Data  Application 

Fig.  1  shows  imagery  obtained  on  March  25,  1994  from 
the  end  of  the  USAGE  research  pier  at  Duck,  NC.  This 
data  was  acquired  at  a  frame  rate  of  64  Hz  with  a  pulse- 
pair  interval  of  2,5  msec.  The  upper  panel  exhibits  instan¬ 
taneous  imagery  of  a  surface  slick.  The  slick  region  corre¬ 
sponds  to  a  lower  power  return.  Note  also  the  difference 
in  Doppler  velocity  measured  across  the  slick.  These  im¬ 
ages  represent  a  ten-second  average  (post-beamforming), 
thereby  illustrating  the  mean  intensity  and  velocity  char¬ 
acteristics.  Averaging  spatially  or  temporally  is  necessary 
to  average  out  orbital  velocities  and  other  wave  effects. 

The  lower  panel  of  Fig.  1  shows  the  same  data,  but  sub¬ 
sampled  to  give  a  half-second  integration  time.  Again,  a 
ten-second  average  is  shown.  It  is  immediately  appar¬ 
ent  that  the  half-second  integration  time  images  are  de¬ 
graded  in  comparison  to  the  instantaneous  imagery.  Both 
the  Doppler  velocity  and  magnitude  images  of  the  half- 
second  integration-time  images  are  blurred.  This  is  espe¬ 
cially  evident  when  looking  at  the  transition  between  the 
slick  and  non-slick  regions.  Very  noticeable  is  a  negative 
bias  in  the  half-second  integration-time  velocity  measure¬ 
ment  along  the  border  of  the  slick.  There  is  also  a  slight 
azimuthal  shift,  or  squint,  in  the  half-second  integration- 
time  images  due  to  radial  motion  of  scatterers  during  the 
aperture  synthesis.  The  mean  radial  velocity  over  the 
image  would  imply  an  azimuthal  shift  of  seventeen  de¬ 
grees.  This  mean  shift  has  been  removed,  although  some 
residual  shifts  remain  in  the  image. 

In  the  next  section  a  simple  model  will  be  introduced  to 
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varying  amplitude  and  frequency  modulation  terms  due 
to  the  motion  of  the  surface  and  a  rapidly  varying  (fad¬ 
ing)  term  such  that  the  autocovariance  of  the  surface  can 
be  represented  by: 


<  >  =  yJ(T\u,i)<T{u* ,V), 

-  k')  (3) 

where  cr(u,^)  is  the  backscattered  power  return  (AM 
modulation),  u(u,  i)  is  the  scene  radial  velocity  (FM  mod¬ 
ulation),  the  exponential  )  Z’’  is  a  temporal  decor¬ 

relation  term  and  5[u  ~  u*)  is  a  spatial  Dirac  delta  func¬ 
tion.  The  spatial  and  temporal  fading  terms  account  for 
the  rapid  decorrelation  of  the  scattering  scene.  In  partic¬ 
ular,  the  S{u  ~  u')  term  in  (3)  assumes  complete  spatial 
decorrelation  as  in  [3]. 

Applying  (3),  to  (2)  yields: 


Fig.  1.  Radar  images  of  the  ocean  surface  obtained  on  March  25, 
1994.  Top:  Near-instantaneous  imagery.  The  left  image  is  the 
magnitude  of  the  covariance  while  the  right  image  shows  mean 
Doppler  velocity  over  10s  averaging  time.  Bottom:  Half-second 
integration-time  imagery.  The  left  image  is  the  magnitude  of 
the  covariance  while  the  right  image  shows  mean  Doppler  ve¬ 
locity  over  10s  averaging  time. 


help  explain  the  effects  observed  in  Fig.  1.  Subsequently, 
in  the  light  of  this  model,  we  shall  compare  the  integration 
time  effects  in  more  detail  by  considering  a  single  range 
gate  of  the  slick  data  and  compare  these  scans  to  results 
from  a  preliminary  simulation. 
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III  Discussion 


In  order  to  predict  the  integration  time  effects  on  im¬ 
age  quality  and  velocity  measurement,  we  will  present  a 
simple  model  for  interferometric  ocean  imaging. 

Considering  a  single  range  gate,  the  beamformed  result 
for  a  single  scan  is: 


r  .1  . 

I{t,  «)  =  ^  /  r(u',  t  + 

n=o  I-/-1 


(1) 


where  the  integral  term  represents  the  response  of  the 
nth  element  to  the  field-of-view,  u  =  kdsinO^  k  is  the 
radar  wavenumber,  d  is  the  interelement  spacing,  and  0 
is  the  angle  from  broadside.  Furthermore,  St  is  the  time 
between  element  illumination,  and  r(u,  t)  is  the  complex 
ocean  return  including  range  and  antenna  pattern.  If  the 
pulse-pair  interval  is  At  then  the  interferometric  response 
is  given  by  the  covariance: 


C{u,t)  =<  I(u,t)r(u\t  +  At)  >  (2) 

where  the  angle  brackets  denote  expectation.  We  char¬ 
acterize  ocean  surface  backscatter  as  a  product  of  slowly 


Examining  (4),  reveals  that  if  the  scene  decorrelates 
significantly  during  the  integration  time,  then  contribu¬ 
tions  from  temporally  disparate  elements  will  be  small 
reducing  the  effective  interferometric  aperture  size  as  ex¬ 
pected.  The  presence  of  the  time-varying  Doppler  ve¬ 
locity  in  the  integral  biases  the  phase  of  the  element  re¬ 
sponses  and  it  is  this  mechanism  which  causes  the  im¬ 
agery  to  squint.  These  predictions  may  be  verified  by 
looking  at  the  Fig.  1  images  in  more  detail.  Clearly  the 
fine  detail  in  the  original  images  is  lost. 

Fig.  2  shows  magnitude  and  phase  scans  for  a  single 
range  gate  of  the  images  of  Fig.  1.  In  both  the  intensity 
and  phase  scans,  the  half-second  integration-time  scan  ex¬ 
hibits  a  smoothed  response  which  is  attributed  to  decor¬ 
relation  effects.  From  scene  coherence  estimates  of  the 
near-instantaneous  imagery,  a  decorrelation  time  of  ap¬ 
proximately  1 1  msec  was  calculated  for  this  data.  Refer¬ 
ring  back  to  (4),  an  integration-time  of  a  half-second  will 
result  in  severe  decorrelation  between  all  but  the  nearest 
few  neighboring  elements. 

To  further  verify  (4),  a  simulation  was  developed  to  ap¬ 
proximate  the  slick  data.  A  simple  scene  was  defined  with 


985 


Interferometric  Magnitude 


Fig.  2.  Azimuthal  profiles  of  interferometric  magnitude  and  phase 
for  instantaneous  imagery  (solid  line)  and  half-second  inte¬ 
grated  imagery  (dashed  line). 
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Fig.  3.  Simulated  azimuthal  profiles  of  interferometric  magnitude 
and  phase  for  instantaneous  imagery  (solid  line)  and  half-second 
integrated  imagery  (dashed  line). 

two  distinct  levels  of  magnitude  and  phase-speed  across 
the  field-of-view.  A  Gaussian  decorrelation  function  with 
a  decorrelation  time  of  11  msec  was  used.  The  instanta¬ 
neous  case  may  be  approximated  by  setting  St  =  0  in  (4). 
For  this  ideal  the  simulation  is  able  to  recreate  the  scene 
exactly. 

The  results  of  these  simulations  are  shown  in  Fig.  3. 
The  magnitude  response  rolloff  in  the  instantaneous  case 
is  a  result  of  the  window  function  applied  to  the  scene. 
The  windowing  effects  have  not  been  removed  to  more 
clearly  represent  the  ability  of  the  imaging  process  in  re¬ 
constructing  the  power-weighted  field-of-view.  For  the 
same  reason,  the  antenna  pattern  window  has  not  been 
removed  in  Fig.  1  or  Fig,  2  and  the  full  field-of-view  of 
the  array  has  been  displayed. 

In  Fig.  3,  both  the  magnitude  and  phase  of  the  half-  sec¬ 


ond  integration  time  simulation  are  smoothed  functions. 
For  this  simple  scene  azimuthal  shifts  were  compensated. 
In  the  magnitude  response  the  half-second  integration¬ 
time  scan  matches  the  peak  of  the  instantanteous  scan 
reasonably  well.  For  the  phase  response,  the  half-second 
integration-time  scan  differs  substantially.  The  response 
both  overshoots  and  undershoots  the  instantaneous  phase 
scan. 

The  simulation  results  in  Fig.  3  appear  to  be  consis¬ 
tent  to  first-order  when  compared  with  the  data  scans 
of  Fig.  2.  It  is  important  when  comparing  these  figures 
to  remember  that  the  half-second  integration-time  scans 
in  Fig.  2  is  squinted  by  approximately  5  degrees.  The 
half-second  integration-time  phase  scans  exhibit  a  peak, 
trough,  peak  characteristic  in  both  the  data  and  simu¬ 
lated  scans.  For  each,  the  first  peak  matches  the  higher 
phase  reasonably  well  but  the  trough  undershoots  the 
lower  phase  by  about  10  degrees.  The  next  peak  over¬ 
shoots  in  both  cases.  In  a  similar  manner,  the  magnitude 
responses  for  the  simulated  and  data  cases  can  be  com¬ 
pared.  Qualitatively,  the  high  power  region  is  matched 
reasonably  well,  with  the  lower  power  areas  being  overes¬ 
timated  in  both  cases. 

IV  Future  Plans 

The  results  of  the  simulation  are  preliminary  but  en¬ 
couraging.  When  examining  these  results  for  the  case 
where  a  distinctive  spatial  feature  is  present,  it  is  evident 
that  some  error  would  occur  in  velocity  estimates  inferred 
from  long-integration  time  interferometric  imagery.  Fur¬ 
ther  analysis  needs  to  proceed  for  more  general  conditions 
to  help  classify  what  the  ocean-current  imaging  limita¬ 
tions  are.  We  hope  to  pursue  more  systematic  investiga¬ 
tions  during  our  future  radar  deployments. 
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ABSTRACT 

Laser  radar  (LIDAR)  has  proven  to  be  beneficial  for  retrieving 
atmospheric  information.  While  most  lidars  to  date  have  been 
mono-pulse  systems  that  record  the  responses  to  individually 
transmitted  pulses  of  light  at  significant  energy  levels  (a  few 
tenths  to  a  few  joules),  more  research  is  now  focusing  on  low- 
power,  eye-safe  systems.  One  method  for  obtaining  range 
information  fi-om  lidars  transmitting  with  low  peak  power 
lasers  is  to  implement  pulse  code  modulation  wherein  the  lidar 
transmits  a  CW  pseudo-noise  code  modulated  signal  (e.g.,  [1], 
[2],  [3])-  This  paper  presents  a  simulation  of  the  pn-code 
modulated  lidar  scheme.  By  choosing  an  appropriate 
maximal-length  code  and  bit  length,  atmospheric  ranges  of 
interest  can  be  sensed  by  statistical  correlation  analysis  of  the 
temporal  return  signal.  A  key  issue  concerning  the  viability  of 
this  approach  is  the  signal  to  noise  ratio  (SNR).  The 
averaging  time  needed  to  achieve  an  acceptable  SNR  in 
daylight  conditions,  when  noise  is  high,  is  compared  to  that  of 
a  conventional  monopulse  lidar  system.  Input  parameters  and 
considerations  such  as  detector  limitations  and  model  noise 
levels  are  discussed. 

INTRODUCTION 

The  monopulse  lidar  operates  by  transmitting  one  laser 
pulse  into  the  atmosphere  and  recording  the  return  photons  as 
they  arrive  in  time.  Accumulating  returns  Irom  several  pulses 
yields  the  profile  of  the  atmosphere.  The  pn-code  modulated 
lidar  method  transmits  a  series  of  pulses  and  the  received 
photoelectrons  at  any  instant  are  due  to  scattering 
contributions  from  several  range  bins.  Hence,  the  atmospheric 
scattering  response  cannot  be  range  resolved  by  the  simple 
time-range  relation  that  applies  for  conventional  monopulse 
lidar.  To  extract  the  atmospheric  profile,  the  accumulated 
histogram  of  return  photoelectrons  is  correlated  with  the 
original  transmitted  pulse  sequence. 

The  recorded  photoelectron  counts  for  the  monopulse  and 
pn-code  modulated  approaches  are  both  governed  by  the  same 
photon/photoelectron  statistics,  namely,  the  Poisson 
distribution.  The  probability  function  of  the  Poisson 
distribution  is 
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=  exp(-//)(//V(x !)),  (1) 

The  average  count  of  x  is  an  estimate  of  the  mean,  p,  of  the 
Poisson  distribution.  For  this  distribution  the  mean  equals  the 
variance  and  the  standard  deviation  is  the  square  root  of  the 
variance.  The  variability  in  the  received  photoelectron  counts 
as  characterized  by  the  Poisson  distribution  must  be  properly 
accounted  for  in  any  complete  simulation  of  expected  lidar 
performance. 

BACKGROUND  THEORY  FOR  PN-CODE  MODULATED 
LIDAR 

The  transmitted  pulse  code  is  a  maximum  length  pseudo 
random  binary  sequence.  This  array  of  length  m  can  be 
generated  with  an  /?-stage  shift  register,  where  the  maximal 
achievable  period  is 

m  =  2"-l  (2) 

An  XOR  gate  performs  modulo-2  addition  at  the  feedback 
taps.  A  generated  sequence  will  have  an  almost  equal  number 
of  zeros  and  ones  (one  more  one  than  zero).  This  property 
allows  the  laser  to  operate  at  approximately  50  percent  duty 
cycle.  This  sequence  is  also  useful  when  computing  the 
autocorrelation  function,  which  determines  the  degree  of 
agreement  between  a  code  and  a  time  delayed  version  of  itself 
The  normalized  magnitude  of  this  function  will  be  one  for  zero 
relative  delay  between  the  two  codes  and  will  be  close  to  zero 
for  all  other  time  delays. 

The  range  resolution  for  the  lidar  system  is 

AR  =  tb(c/2)  (3) 

where  tb  is  the  pulse  bit  period,  c  is  the  speed  of  light,  and  the 
factor  of  two  accounts  for  the  round  trip  distance  traveled. 
The  maximum  unambiguous  code  range  measurable  with  a 
sequence  of  length  m  is  given  by 

Rma  x“ /?2(c/2)tb  (4) 

The  code  length  must  have  a  larger  R^^ax  than  the  expected 
maximum  range. 
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The  expected  mean  count  of  received  photoelectrons  in  bin 
j  scattered  from  a  single  range  Rk  can  be  expressed  as 

Ny,A  =  [  Eo  •  AR  •>0(Al,R*)  •  T^(Ra)]/R^  (5) 

where 


SNR(Ri)  =  (S(/)>/ 


II 


XS(/><B>T 


7=0 


(9) 


where  S(j)  is  the  number  of  signal  counts  for  bin  j,  <B>  is  the 
average  number  of  background  counts,  and 


Y={riA^  rsys)/(hc//l) 


and 


(6) 


where  L  is  the  number  of  iterations. 

For  the  monopulse  lidar,  the  SNR  is  given  by 


(10) 


T^(Ra)  =  e  xp[-2  |/<AL,RA)]dR  (7) 


SNR(j)  =  (S(j)  •  VK)/VS(j)  +  B  (1 1) 


Eo  is  the  energy  per  transmitted  'V  bit  in  the  code,  r|  is  the 
detector  quantum  efficiency,  the  quantity  hdX  is  the  laser 
photon  energy  (h  is  planck’s  constant,  c  is  the  speed  of  light 
and  is  the  operational  wavelength),  is  the  effective  area 
of  the  receiver  telescope,  Xgys  is  the  lidar  receiver  optical 
transmission  efficiency,  p  is  the  atmospheric  backscatter 
coefficent  (km'^-sf  for  a  specific  wavelength  and  range,  AR 
is  the  range  bin  size,  and  k(^  l,R)  is  the  total  attenuation 
coefficient  (km‘^).  Summing  over  k,  where  k  is  modulo-w, 
will  include  the  effects  of  contributions  from  all  the  pulses  in 
the  transmitted  code. 

For  every  'V  bit  in  the  transmitted  sequence,  a  pulse  of 
light  energy  is  sent  into  the  atmosphere  and  generates  a 
Poisson  distributed  response  of  returned  photons  due  to 
atmospheric  scattering  versus  range.  Each  of  these  bits  will 
generate  a  response  delayed  from  the  time  the  first 
photoelectron  is  received  from  the  first  pulse  in  the  sequence 
by  an  amount  Tn,  where 

TN=bit  number -tb  (8) 

The  responses  are  measured  by  a  photon  detector  at  the 
receiver.  The  detector  is  assumed  to  have  the  capability  to 
count  all  arriving  photons  and  not  saturate.  Every  ‘0’  bit  in 
the  sequence  will  not  generate  a  response. 

For  each  iteration  of  the  code,  a  histogram  N/  is 
constructed  by  accumulating  return  photons  for  each  ‘T  bit 
transmitted.  Background  noise  is  addressed  independently  of 
the  signal.  A  Poisson  distribution  due  to  noise  is  added  to 
each  bin  of  the  histogram.  Histograms  generated  for  all 
iterations  are  then  summed  together.  To  extract  the 
atmospheric  extinction  profile,  the  final  histogram  is  cross* 
correlated  with  a  shifted  version  of  the  original  code. 

Two  sources  of  noise  are  present  in  this  system.  One  is 
“photon  noise”  or  shot  noise  inherent  in  the  signal  itself,  and 
the  other  is  also  shot  noise  due  to  background.  Both  are 
generated  using  the  Poisson  distribution  model.  The  signal* 
to-noise  ratio  (SNR)  for  this  PN  code  lidar  for  range  j  is  [2] 


where  K  is  the  number  of  pulses.  The  SNR  for  each  system  is 
a  suitable  performance  parameter  for  direct  analysis  and 
comparison  between  the  two  types  of  lidars. 

DISCUSSION  OF  SIMULATION  PARAMETERS 

Code  lengths  of  255  and  1023  are  used  in  the  simulations. 
Nominal  aerosol  profiles  of  various  ranges  of  the  atmosphere 
are  used  to  compute  the  backscatter  coefficients  in  the  lidar 
equation.  Since  the  atmosphere  has  more  variability  at  short 
distances,  these  ranges  are  beneficial  for  verifying  the 
retrieved  extinction  profile.  However,  practical  lidars  typically 
do  not  achieve  full  overlap  of  the  transmitted  beam  path  by 
the  receiver  field  of  view  before  a  few  hundred  meters  to  even 
a  few  kilometers.  Characteristic  parameter  values  for  a 
monopulse  lidar  system  that  has  been  simulated  and  tested  in 
the  field  [4]  are  shown  in  Table  1.  These  nominal  values  will 
be  used  in  the  pn-code  lidar  simulations  for  direct  comparison 
with  a  monopulse  lidar.  To  compare  the  performance  of  a  pn* 
code  lidar  with  that  of  the  monopulse  lidar,  the  range  of 
atmosphere  to  be  studied  will  begin  at  approximately  4km 
because  prior  to  this  level,  complete  overlap  has  not  occurred 
for  this  system. 


Table  1  Characteristics  of  a  Typical  MPL  System 

Wavelength 

523  pm 

Laser  Energy 

4pJ 

Range  Resolution 

150  m 

Effective  Receiver  Aperture 

0.016 

Receiver  Field  of  View 

1 1 0  E-6  radians 

Detector  Quantum  Efficiency 

0.5 

Sky  Spectral  Radiance 

0.05  w/m^/sr/nm 

Receiver  Spectral  Bandpass 

2  nm 

Receiver  Optical  Transmission 

0.08 
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One  issue  under  investigation  is  finding  the  advantage,  if 
any,  to  using  a  long  maximum  length  code  over  a  shorter  one. 
A  longer  code  will  allow  one  to  study  more  ranges  of  the 
atmosphere,  but  if  the  altitude  of  interest  is  relatively  close, 
then  the  longer  code  may  introduce  more  noise  than  would 
occur  by  using  a  shorter  code.  Code  lengths  implemented  in 
the  simulation  are  255  bits  and  1023  bits  for  comparison. 

A  few  questions  arise  when  considering  the  scenario  of 
using  a  long  code  to  study  a  small  range  of  atmosphere.  A 
1023  code  with  a  system  PRF  of  IMHz  will  allow  one  to 
study  a  range  of  approximately  0-153km.  If  the  range  of 
interest  is  10km,  to  use  the  entire  code  is  not  very  efficient. 
The  possibility  of  only  using  a  portion  of  the  code  is  under 
investigation.  A  point  relevant  to  this  issue  is  that  the 
expected  atmospheric  return  from  distant  ranges  will  become 
fairly  negligible  relative  to  the  near  range  returns,  both  due  to 
the  inherent  inverse  range  squared  drop  off  and  the  normal 
decrease  in  atmospheric  scattering  with  height.  Hence,  if  one 
can  assume  the  signal  counts  are  negligible  beyond  some 
range,  say  20  km,  when  attempting  to  recover  near  range 
information,  say  within  8  km,  the  simulations  can  be 
implemented  more  efficiently.  If  this  case  is  true,  one  must 
still  be  cautious  when  modeling  background  noise.  The  mean 
value  of  background  noise  is  the  same  for  all  bins,  regardless 
of  range.  Current  simulations  explore  methods  for  increasing 
efficiency  while  accounting  for  the  lull  effect  of  noise. 

Other  work  focuses  on  computing  the  SNR  of  the  pn-code 
lidar  signal  in  daylight  conditions.  To  make  a  comparison 
with  the  monopulse  case,  one  must  know  how  several 
parameters  relate  between  the  two  systems.  For  example,  the 
energy  per  pulse  of  a  monopulse  lidar  appears  analogous  to 
the  average  energy  transmitted  over  a  code  length  in  the  pn- 
code  lidar  system  in  the  comparison  of  the  performance  of  a 
pulse  of  the  former  with  that  of  a  full  code  sequence  of  the 
latter.  One  choice  of  performance  evaluation  is  to  measure 
the  time  required  for  each  lidar  to  achieve  the  same  SNR. 
Results  of  these  various  investigations  will  be  discussed  in  the 
symposium  presentation  of  this  paper. 
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Abstract 

A  new  technique  for  the  estimation  of  time  delay  for 
ocean  depth  measurement  has  been  introduced.  The  tech¬ 
nique  involves  the  transmission  of  a  chirp-like  signal  and 
the  processing  of  the  reflection  by  an  appropriate  matched 
filter.  The  proposed  scheme  improves  the  resolution  between 
the  blue-green  surface  and  bottom  returns  thereby  enhanc¬ 
ing  the  accuracy  of  the  time-delay  estimation.  It  is  shown 
here  that  a  chirp-like  signal  in  conjunction  with  an  appro¬ 
priate  matched  filter  can  improve  the  resolution  between  the 
surface  and  bottom  reflection  of  a  bathymetric  signal. 

I.  Introduction 

Bathymetry  refers  to  sea  depth  measurement  and  ocean 
bed  chao-acterization  using  scattered  returns  from  the  up¬ 
per  and  bottom  surfaces  of  the  ocean.  The  conventional 
acoustic  echo  sounding  hydrographic  methods  provide  hy¬ 
drographic  data  only  along  a  single  path  directly  beneath 
the  track  of  a  surveying  ship.  Sonar  systems  based  on  acous¬ 
tic  echo  soimding  methods  require  surface  vessels  to  carry 
them  and  thus  the  speed  of  acquisition  of  bathymetric  data 
is  limited  by  the  speed  of  the  vessel.  Moreover,  the  hydro- 
graphic  survey  ships  cannot  operate  safely  in  shallow  waters 

[l]-[3]. 

To  increase  the  accuracy  and  the  rate  of  coverage  of  a 
given  area  in  shallow  coasted  waters,  light-detection  and 
ranging  (lidar)  airborne  laser  systems  have  been  introduced. 
In  the  lidar  system  of  interest,  the  LARSEN  500  [4],  a 
series  of  short  pulses  of  blue-green  laser  light  as  well  as 
infrared  pulses  are  projected  simultaneously  from  the  air¬ 
craft  into  the  ocean.  The  blue-green  laser  light  is  reflected 
back  from  the  surface  and  bottom  of  the  ocecin  whereas 
the  infrared  (IR)  pulse  is  scattered  by  the  water  surface. 
The  ocean  depth  can  be  measured  from  the  time-delay  be¬ 
tween  the  surface  and  bottom  reflections.  The  infrared  (IR) 
pulse  serves  as  a  surface  mcirker  and  is  used  for  calibration 
and  correction  purposes.  The  blue- green  surface  and  bot¬ 
tom  returns  cue  used  to  estimate  sea  depth.  The  LARSEN 
500  offers  high  efficiency  and  flexibility  but  it  is  prone  to 
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a  number  of  depth  measurement  errors  which  are  usually 
minimized  by  careful  system  design  and  by  choosing  oper¬ 
ational  pcirameters.  Since  the  backseat tered  bottom  return 
is  much  weaker  than  the  surface  return,  the  most  critic2J 
performance  factor  in  the  depth  measurement  accuracy  is 
the  resolution  between  the  surface  and  bottom  reflections. 
The  major  factors  that  influence  depth  measurement  are 
sea  turbidity,  sea-surface  roughness,  shape  aind  texture  of 
sea  bottom,  and  the  angle  of  the  laser  beam  with  respect 
to  the  sea  surface  [3,  4]. 

Several  sign^d  processing  techniques  for  enhancing  the 
precision  of  depth  estimation  have  been  proposed  in  recent 
years.  In  this  paper,  a  new  technique  is  developed  to  detect 
and  enhance  weak  reflections  from  the  bottom  of  the  sea, 
thus  improving  the  accuracy  of  the  sea  depth  measurement. 

II.  Resolution  Enhancement 

Let  us  assume  that  the  target  region  is  irradiated  by  a 
transmitter  that  sends  a  time-dependent  signal  s{t).  The 
leading  edge  of  the  transmitted  signal  s{t)  reaches  the  first 
target  (ocean  surface)  and  after  reflection  travels  backward 
(or  is  echoed  back)  towards  the  transmitter/receiver  Ti  sec¬ 
onds  later.  The  remaining  portion  of  the  signal  travels  to¬ 
wards  the  second  target  (ocean  bottom)  and  is  also  reflected 
back.  The  receiver  records  the  echoes  from  all  the  reflectors 
from  the  target  scene  which  can  be  represented  cis 

m 

r(t)  =  ^o,5(t-ro  +  n(t),  0<t<r  (1) 

t=l 

where  T,  represents  the  two-way  round  trip  delay  to  the  ith 
target  and  n(f)  represents  the  noise  present.  In  bathymetry, 
the  signal- to-noise  ratio  (SNR)  is  extremely  poor  and  the 
problem  is  to  estimate  the  unknown  delays  Ti,  T2,  . ..,  Tm 
from  the  received  waveform  r{t),  0  <  t  <T. 

Naturally,  the  input  signal  shape  is  important  in  this  case, 
and  we  propose  to  make  use  of  a  chirp  sign2tl  and  its  mod¬ 
ified  version  for  the  input  signal.  In  conjimction  with  am 
appropriate  matched  filter,  such  signals  have  a  remarkable 
energy  localization  property.  Note  that  in  a  chirp  signal. 
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the  phase  angle  ch2inge  is  quadratic  and  thus  [5,  6] 

si(i)  =  ^cos(c«;ot  +  6^^),  0<t<T.  (2) 

If  we  take  the  derivative  of  the  ph^lse,  we  get  the  instan- 
t£ineous  frequency  to  be  wo  +  2bt.  Thus  in  a  chirp  signal, 
the  instant^lneous  frequency  varies  with  time,  but  it  has 
excellent  localization  properties  after  matched  filtering. 

When  the  transmitted  signaJ  s(t)  is  a  rectangular  pulse 
of  duration  tq  ,  then  its  Fourier  transform  is  a  sine  function 
with  its  first  zero  crossing  at 


and  hence  the  bandwidth  of  s(f)  determines  the  ramge  res¬ 
olution.  Cleculy,  when  s(t)  is  a  rect2uigular  pulse,  one  can¬ 
not  achieve  long  duration  in  both  time  and  frequency  do¬ 
mains  since  wo  (the  b^lndwidth)  is  inversely  proportional  to 
the  pulse  duration  To  in  the  time  domain.  This  problem 
is  solved  by  using  a  chirp  pulse  whereby  the  transmitted 
signal  is  a  frequency  modulated  pulse.  Thus  an  increase  in 
To  results  in  a  better  output  signed- to-noise  ratio  for  chirp 
signals  [6,  7]. 

Interestingly,  it  is  possible  to  formulate  (2)  using  varia¬ 
tions  of  the  above  idea.  For  example,  bringing  in  an  addi¬ 
tional  term  into  (2)  further  improves  the  energy  local¬ 
ization  property  of  chirp  signals.  In  severe  noise  conditions 
these  ‘super-chirp’  pulses  can  be  detected  using  a  corre¬ 
sponding  matched  filter.  For  example, 

52 (t)  =  i4cos(ct;of  -h  0  <  f  <  T,  (4) 

where  b  emd  c  are  appropriate  constants,  ani  the  quadratic 
Vciriation  of  the  instantaneous  phase  term  helps  to  strongly 
reject  all  other  sign2d  (and  noise)  at  the  matched  filtering 
stage. 

With  r{t)  representing  the  received  signal,  the  matched 
filter  output  R{t)  is  given  by 

R{t)  =  r{t)  t  S2{T  -  t)  (5) 

The  output  R{t)  peaks  at  the  unknown  delays  Ti,  T2,  . . ., 
Tm  and  due  to  the  energy  compactification  property  in  the 
‘super-chirp’  signal  S2(f),  these  peaks  are  quite  dominant. 
Thus  an  increase  in  the  pulse  duration  tq  in  chirp  signalling 
can  simultaneously  increase  the  overall  trainsmitted  power 
(i.e.,  an  increase  in  the  output  SNR),  and  the  bcuid width 
of  the  transmitted  pulse  thereby  effectively  improving  the 
depth  resolution. 

As  an  illustrative  example,  consider  a  received  signal  cor¬ 
rupted  by  heavy  noise  as  shown  in  Fig.  1.  The  SNR  is  3 
dB.  The  waveform  in  Fig.  1(a)  is  the  received  signal  with 
three  delayed  returns  corresponding  to  Tl^lOOO,  T2=1500 
eind  T3=1700.  Observe  that  they  are  barely  noticeable  in 
the  received  signal  because  of  the  dominant  noise. 


The  next  waveform  in  Fig.  1(b)  is  the  FFT  of  the  first 
time  signed.  Notice  that  the  delayed  returns  cannot  be  de¬ 
tected  from  this  waveform  either.  The  third  waveform  in 
Fig.  1(c)  shows  the  matched  filter  output  using  the  above 
‘super-chirp’  signal  as  the  transmitted  signal.  Notice  that 
all  three  time  delays  are  accurately  recovered  here  using  the 
above  matched  filter. 

By  utilizing  a  frequency  modulated  pulse  we  can  achieve 
frequency-spread  characteristics  of  a  short  pulse  within  the 
envelope  of  a  long  duration  signed.  Thus  using  a  quadratic 
frequency-modulated  pulse  with  the  frequency  span  set  by 
the  resolution  required  and  with  the  duration  set  by  the 
energy  required  for  depth  range  performance  can  enhance 
the  resolution  between  the  blue-green  laser  signed  thereby 
increaising  the  depth  measurement  accuracy. 

III.  Conclusions 

A  new  technique  for  time-delay  estimation  from  signals  cor¬ 
rupted  with  noise  or  clutter  is  introduced.  It  is  well  known 
that  for  a  given  level  of  noise,  a  matched  filter  produces  the 
largest  possible  peak  output  in  response  to  each  echo  sig¬ 
nal.  In  this  way  it  maximizes  the  probability  of  detecting 
valid  signals  with  a  threshold  detector.  Results  obtained 
so  far  show  that  the  technique  works  very  well  for  return 
signals  corrupted  with  heavy  noise  or  noise-like  clutter  that 
can  originate  at  the  bottom  of  the  ocean. 
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Fig.  1(b)  FFT  of  Return  Signals 
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Figure  1.  Resolution  enhancement  using  a  chirpvlike  signal. 
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Abstract  -  Field  operation  of  lidar  would  be  facilitated 
greatly  by  the  availability  of  portable,  eye-safe  systems  that 
are  based  on  solid-state  lasers  and  detectors  operating  at 
wavelengths  in  the  near  infrared.  The  operating  principles  and 
design  requirements  of  Indium  Gallium  Arsenide-based 
avalanche  photodetectors  capable  of  single  photon  detection  in 
the  0.8  pm  to  1.6  pm  wavelength  range  are  discussed  in 
this  paper. 

INTRODUCTION 

Lidar  has  proven  to  be  a  powerful  technique  for 
measuring  the  distribution  and  evolution  of  atmospheric 
aerosols  and  clouds.  In  particular,  elastic-backscatter  lidar 
systems  are  capable  of  probing  a  wide  range  of  constituents 
from  large  aerosols  down  to  background  atmospheric  density. 
When  coupled  with  radar  and  photometry,  these  systems  can 
be  used  to  study  a  variety  of  atmospheric  phenomena 
including  the  formation  processes  of  clouds,  the  dispersion 
characteristics  of  aircraft  contrails,  and  optical  extinction 
through  high  Cirrus  ^  Unfortunately,  the  field  operation  of 
lidar  systems  has  been  hindered  by  their  large  size,  high  cost, 
and  complexity  as  well  as  their  relatively  poor  reliability  and 
stability.  Moreover,  these  systems  generally  require  the  use 
of  high-power  laser  sources  that  are  not  eye-safe.  Recent 
advances  in  solid-state  laser  and  detector  technology,  however, 
offer  for  the  first  time  the  opportunity  to  build  portable,  eye- 
safe  lidar  systems  that  are  capable  of  reliable  field  operation 
with  minimal  supervision. 

A  compact  lidar  system  based  on  such  solid-state 
components  was  demonstrated  recently  by  Spinhirne  at  the 
Goddard  Space  Flight  Center^.  The  system  used  a  diode 
pumped  NdiYLF  laser  (532  nm),  a  Silicon  (Si)  Geiger-mode 
avalanche  photodetector  (GAPD),  and  a  single-card 
multichannel  scalar  data  acquisition  system.  In  order  to 
provide  eye-safe  operation  at  this  wavelength,  the  laser  was 
operated  using  microjoule-level  pulse  energies  and  pulse 
repetition  rates  of  several  thousand  hertz.  Excellent 
performance  was  achieved  for  detecting  and  profiling  cloud  and 
aerosol  scattering  throughout  the  troposphere  and  into  the 
stratosphere.  For  more  extensive  measurements  of  the 
stratosphere,  however,  the  operating  wavelength  must  be 
extended  from  the  visible  to  the  near  infrared  (IR)  where  the 
eye-safe  power  densities  are  higher.  In  particular,  three 
wavelengths  of  interest  for  lidar  applications  are  1.064  pm, 
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1.54  pm,  and  2.1  pm  due  to  the  availability  of  solid-state 
laser  sources.  Unfortunately,  these  wavelengths  are  beyond 
the  detection  limits  of  the  commercially  available  GAPD's. 
Therefore,  further  advances  in  portable,  eye-safe  lidar  systems 
require  the  development  of  high-performance  solid-state 
GAPD’s  capable  of  single  photon  detection  at  wavelengths 
beyond  1.0  pm. 

In  this  paper,  we  will  first  present  an  overview  of  the 
operation  of  solid-state  avalanche  photodetectors  (APD's). 
This  will  be  followed  by  a  discussion  of  an  APD  design  that 
is  suitable  for  Geiger  mode  operation  in  the  range  of 
wavelengths  between  0.8  pm  and  1.6  pm.  Finally,  the 
applications  to  lidar  remote  sensing  that  would  benefit  from 
the  availability  of  this  detector  technology  will  be  presented. 

AVALANCHE  PHOTODETECTOR  BACKGROUND 

The  principles  of  operation  of  solid-state  APD’s  are 
similar  to  those  of  photomultiplier  tubes  (PMT's).  For 
example,  both  devices  rely  on  the  generation  and 
multiplication  of  charged  carriers  in  response  to  an  incoming 
photon.  In  the  case  of  a  PMT  when  a  photon  strikes  the 
photocathode  an  electron  is  emitted  and  is  accelerated  in  an 
electric  field  towards  the  first  electrode.  The  collision  of  the 
electron  with  the  first  electrode  will  result  in  the  emission  of 
multiple  secondary  electrons.  In  multistage  PMT's,  this 
multiplication  of  carriers  is  repeated  at  successive  electrode 
stages.  In  a  similar  manner,  an  electron-hole  pair  is  created  in 
an  APD  when  the  photon  incident  on  the  device  has  an  energy 
greater  than  the  semiconductor  bandgap  energy  In  contrast 
to  the  PMT,  however,  the  electron-hole  pair  generated  by  the 
incident  photon  is  separated  and  accelerated  in  an  electric  field 
caused  by  a  reverse-biased  p~n  junction.  If  the  electric  field  is 
of  sufficient  strength,  each  carrier  will  generally  acquire 
enough  energy  while  traversing  the  so-called  depletion  region 
of  the  p-n  junction  to  experience  an  ionizing  collision  with 
the  crystal  lattice.  These  ionizing  collisions  will  result  in  the 
generation  of  two  additional  electron-hole  pairs.  These  new 
carriers  along  with  the  original  carriers  can  also  experience 
ionizing  collisions.  In  this  way,  there  is  a  multiplication 
(avalanching)  of  carriers  that  results  in  an  internal  gain  which 
is  reflected  in  a  detectable  terminal  current. 

Solid-state  APD's  offer  several  advantages  over  PMT's. 
These  advantages  include  smaller  size,  improved  durability. 
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lower  cost,  and  lower  operating  voltages.  Presently,  Si-based 
APD’s  that  are  suitable  for  single-photon  detection  are 
available  commercially  from  a  several  vendors.  At  typical 
operating  temperatures,  however,  these  APD's  can  not  be  used 
for  detection  of  light  with  wavelengths  that  exceed  1.0  pm 
because  of  the  relatively  large  bandgap  of  Si  (Eg  =  1.2  eV  at 
T  =  77  K  where  ^pm)  =  1.24/Eg(eV)).  Therefore,  in  order  to 
extend  the  detection  wavelength,  an  APD  must  be  designed 
and  fabricated  using  a  semiconductor  that  possesses  a  narrower 
bandgap.  The  bandgaps  of  several  common  semiconductors 
are  given  in  Table  1  Based  on  the  bandgap  energy,  the  two 
materials  that  are  best  suited  for  detection  beyond  1.0  pm  are 
Germanium  (Ge)  and  Indium  Gallium  Arsenide  (InGaAs).  In 
addition  to  appropriate  wavelength  detection,  however,  an 
APD  that  is  used  for  single  photon  counting  applications 
must  possess  low  dark  current  (leakage  that  is  present  with  no 
incident  photons)  and  excellent  noise  performance.  In  both 
cases,  the  performance  of  InGaAs  which  is  a  direct-bandgap 
semiconductor  surpasses  that  of  the  indirect-bandgap  Ge 
Moreover,  the  long- wavelength  (>  1.4  pm)  response  of 
InGaAs  is  superior  to  that  of  Ge.  Therefore,  solid-state 
APD’s  based  on  InGaAs  are  a  better  choice  for  lidar 
applications  requiring  detection  at  wavelengths  greater  than 
1 .0  pm  and  will  be  the  focus  of  the  remainder  of  the  paper. 


AVALANCHE  PHOTODETECTOR  DESIGN  AND  OPERATION 

In  addition  to  the  excellent  electrical  and  optical 
performance  that  can  be  achieved  with  devices  based  on 
InGaAs,  there  are  several  additional  properties  of  the  material 
system  that  can  be  exploited  to  enhance  the  design  of 
detectors  capable  of  single  photon  counting  over  the  range  of 
wavelengths  extending  from  0.8  pm  to  1.6  pm.  One  of  the 
most  important  features  is  the  ability  to  form  lattice  matched 
heterojunctions  using  the  wider  bandgap  material,  InAlAs. 
With  this  added  flexibility,  APD's  can  be  designed  such  that 
the  longer  wavelength  radiation  will  be  absorbed  in  the 
narrow  bandgap  material  while  the  carrier  avalanche  will  be 
contained  in  the  wider  bandgap  material  A  simplified 
schematic  of  this  device  is  shown  in  Fig.  1.  This 
fundamental  design  procedure  can  be  used  to  maximize  the 
detector  quantum  efficiency  and  responsivity  while 
minimizing  the  noise  due  to  the  higher  dark  currents  typically 
associated  with  narrow  bandgap  materials.  InGaAs  APD’s 
based  on  these  principles  are  currently  being  designed  and 
fabricated  in  the  Electronic  Materials  and  Processing  Research 
Laboratory  at  Penn  State  University 

In  applications  where  low  light-level  analog  detection  is 
desired,  APD’s  are  typically  operated  at  a  bias  slightly  below 
the  breakdown  voltage  of  the  p-n  junction  (the  breakdown 
voltage  is  the  voltage  required  to  create  an  electric  field  across 
the  junction  that  is  large  enough  to  sustain  ionizing 
collisions  -  between  20  V  and  50  V  for  most  APD's),  In  this 


Table  1.  Bandgaps  of  Common  Semiconductors  (T  =  300K). 
The  dependence  of  the  bandgap  on  temperature  varies  as  Eg  = 
Eg(0)  ~  AT^,  where  A  is  a  constant  that  is  independent  of 
temperature. 
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Fig.  1.  Simplified  diagram  of  InGaAs-based  APD. 


mode  of  operation,  however,  the  gain  of  the  APD  generally 
ranges  only  from  10  to  100.  Devices  with  such  low  gains 
cannot  be  used  satisfactorily  in  applications  that  require  single 
photon  detection  because  of  the  difficulty  of  detecting  such 
small  photon  induced  currents.  In  order  to  achieve  the  higher 
gains  that  are  required  for  single  photon  detection,  the  APD 
must  be  operated  slightly  beyond  the  breakdown  voltage  of 
the  p-n  junction.  This  requires  that  the  APD  be  cooled  to  a 
temperature  for  which  the  dark  current  is  zero  independent  of 
the  bias  Under  this  condition,  a  photon  generated  electron- 
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hole  pair  will  initiate  an  avalanche  process  that  results  in 
large  device  gains  (terminal  current).  Once  the  detector  is 
triggered  by  a  photon,  however,  the  current  will  not  return  to 
zero  until  the  bias  across  the  device  is  lowered  below  the 
junction  breakdown  voltage.  Therefore,  to  count  subsequent 
photons,  the  bias  must  be  lowered  to  quench  the  avalanche 
process  and  reset  the  device. 

APPLICATIONS 

Avalanche  photodetectors  capable  of  single  photon 
detection  at  1.0  pm  coupled  with  commercially  available 
diode-pumped  Nd:YAG‘s  or  NdiYLF's  operating  at  their 
fundamentals  (1.064  mm  and  1.046  mm,  respectively)  will 
allow  the  implementation  of  portable,  eye-safe  lidar  systems 
capable  of  high-resolution  measurements  of  atmospheric 
aerosols.  There  are  several  advantages  of  operating  an  aerosol 
lidar  in  the  IR  as  opposed  to  the  visible  region.  These 
advantages  include  the  ease  with  which  aerosols  and  Rayleigh 
scatterers  can  be  delineated,  an  increase  in  eye-safe  power 
levels  by  an  order  of  magnitude,  and  an  improvement  in  the 
stability  of  the  laser  output.  Therefore,  lidar  systems  based 
on  1.0  pm  operation  are  expected  to  outperform  considerably 
their  visible  counterparts.  The  meteorological  research  that 
would  result  from  such  portable,  eye-safe  mini  lidar  systems 
includes  cirrus  cloud  studies,  contrail  dispersion 
investigations,  and  upper  atmospheric  probing  for  polar 
stratospheric  clouds. 

A  diode-pumped  Nd:YAG  mini-lidar  system  is  currently 
being  developed  in  the  Communications  and  Space  Science 
Laboratory  at  Penn  State  University.  Initially,  this  lidar 
system  will  operate  in  the  visible  wavelength  range  using 
standard  PMT  detection.  In  the  future,  it  will  be  used  to  test 
the  solid-state  GAPD’s  that  are  currently  being  investigated. 

CONCLUSIONS 

Field  operation  of  lidar  would  be  facilitated  greatly  by  the 
availability  of  portable,  eye  safe  systems.  These  systems 
would  be  based  on  solid-state  lasers  and  detectors,  which  offer 
smaller  size,  lower  cost,  and  enhanced  reliability  and  stability. 


Development  of  such  advanced  systems,  however,  requires 
high-performance  solid-state  GAPD's  capable  of  single 
photon  detection  at  wavelengths  beyond  1.0  pm.  In  this 
paper,  the  operation  of  InGaAs-based  APD's  suitable  for 
single-photon  detection  in  the  0.8  pm  to  1.6  pm  wavelength 
range  was  considered.  Such  APD’s  are  currently  being 
designed  and  fabricated  at  Penn  State  University  and,  when 
completed,  will  be  incorporated  in  a  diode-pumped  Nd:YAG 
mini-lidar  system  also  being  developed  at  Penn  State 
University. 
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Abstract-The  Radar  Wind  Sounder  (RAWS)  is  a  proposed 
satellite-borne  radar  capable  of  measuring  wind  aloft  using 
Doppler  shifts  of  hydrometeors.  Previous  studies  showed  the 
sensor  can  retrieve  wind  vectors  at  various  levels  in  the 
atmosphere  while  also  measuring  rain  rates  and  ocean-surface 
winds.  Here  we  present  the  method  of  retrieving  wind-aloft 
information  from  a  conically  scanned  antenna.  The  approach 
combines  the  radial  velocities  measured  at  many  points  within 
a  region  into  a  least-squares  algorithm  to  obtain  a  mean  wind 
for  the  region. 

INTRODUCTION 

Analysis  and  forecasting  using  numerical  weather  models 
would  improve  greatly  if  world  wide  wind  information  were 
available.  Lasers  on  satellites  were  proposed  for  this  purpose, 
and  the  Laser  Wind  Sounder  (LAWS)  was  an  original 
component  of  the  Earth  Observation  System  (EOS)  [1]. 
However,  gaps  would  exist  in  coverage  as  lasers  can  only 
profile  winds  in  clear  air  or  light  clouds.  Accordingly,  we 
proposed  a  radar  sensor  to  complement  the  laser  sensor  by 
profiling  winds  in  the  cloudy  and  rain  areas  [2,3].  Both 
systems  measure  Doppler  shift,  from  aerosols  for  lasers  and 
fi-om  hydrometers  for  radars. 

Our  previous  studies  showed  that  the  optimal  frequency  for 
single-channel  coverage  is  35  GHz  and,  24  GHz  and  94  GHz 
for  dual  channels  [4].  Using  these  frequencies,  RAWS  can 
cover  most  cloud  types  with  the  original  proposed  power  (3 
kW  peak),  and  miss  the  thin  clouds  with  reduced  power  [5]. 
In  clear  air  or  light  clouds,  the  contributions  from  the  vertical 
components  of  wind  vectors  are  small  and  can  therefore  be 
ignored  in  the  calculation  of  the  wind  vectors.  In  precipitat¬ 
ing  systems,  the  vertical  components  can  be  estimated  from 
the  raindrop  fall  speed,  based  on  the  rain-echo  intensity  [6]. 

This  paper  considers  the  derivation  of  the  horizontal  wind 
vectors  and  the  accuracy  achievable  by  integrating  multiple 
measurements  of  radial  velocities.  The  approach  considered 
is  to  measure  radial  velocities  at  many  points  within  a  region, 
combining  the  results  in  a  least-squares  algorithm  to  obtain  a 
mean  wind  for  the  region. 

SCAN  PATTERN  AND 
MEASURED  POINTS  DISTRIBUTION 

Fig.  1  shows  the  measured  points  distribution  by  a  conically 
scan  antenna  using  256  pulses  per  point.  The  figure  only 
displays  half  of  the  swath.  The  asterisks  are  the  forward 
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looks  and  the  circles  are  the  aft  looks.  Note  that  the  measure¬ 
ments  closer  to  the  edge  area  are  much  more  dense  than  that 
in  the  center  area.  These  measured  points  are  grouped  to 
form  cells  of  66  km  square.  The  exact  dimensions  of  the 
cells  were  chosen  based  on  the  assumed  scan  rate  to  allow 
equal  numbers  of  measurements  in  each  cell  within  a  region. 

DERIVATION  OF  WIND  VECTORS  FROM  THE 
MEASURED  DOPPLER  VELOCITY 

The  wind  vector  can  be  expressed  by 


where  can  be  derived  from  the  rain  fall  speed  [6]  and 
will  be  ignored  in  the  simulation.  The  radial  velocities  from 
the  measured  points  within  a  cell  are  given  by 

t/„.  =  l/^  sin  0  cos  (|),.  +  sin  6  sin  cj),  (2) 


Applying  a  least-squares  method  to  (2)  we  obtained  [7] 
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The  standard  deviation  of  the  average  velocity  for  a  covari¬ 
ance  estimator  is  [8] 

AV,  =  x[[32n^MpHT,)f,\'[[{l-pHT,))X] 
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where  M  is  the  number  of  pulses  per  measured  point,  Tj  is  the 
interval  between  pulses  in  a  pulse-pair,  T  is  the  pulse-pair 
repetition  time,  is  the  variance  of  the  power  spectral 
densities  of  received  echoes,  and  N/S  is  the  inverse  of  signal- 
to-noise  ratio.  pCT^)  is  the  correlation  function  [5] 
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where  m=l  and  X  is  the  RF  wavelength,  is  bounded  by  [5] 
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to  prevent  AV^  from  increasing  exponentially  and  also  to  keep 
the  samples  correlated. 


Fig.  1  Conically  scanned  measured  point  distributions  on 
the  ground. 

Using  (3)  and  (5),  along  with  the  measurement  errors 
(assuming  Gaussian),  we  developed  an  algorithm  to  simulate 
the  errors  in  the  measured  wind  vectors.  The  simulations 
assumed  256  pulses  per  point  and  an  SNR  of  10  dB.  The  cell 
sizes  are  66  km  X  66  km  in  areas  close  to  the  edge  (bands  # 
1,2, 7, 8)  and  132  km  x  132  km  at  areas  around  the  center 
(bands  #  3,4,5, 6).  Our  preliminary  simulations  showed  that 
we  need  a  larger  cell  for  the  center  areas  to  keep  the  errors 
below  the  specifications  [7]. 

Figs.  2  to  6  depict  the  rms  errors  obtained  from  the  simula¬ 
tions.  Here  we  only  present  the  results  for  wind  speed  at  5 
m/and  14  m/s,  as  we  found  that  both  the  magnitude  and 
direction  errors  tend  to  decrease  as  the  wind  speeds  increase 
[7].  At  5  m/s,  the  direction  errors  at  the  center  bands  are 
slightly  above  20®  for  24-GHz  cases  and  below  20®  for  the 
35-GHz  cases.  The  magnitude  errors  are  less  than  2  m/s  for 
all  the  cases  except  the  24-GHz  with  wind  direction  at  90®. 
At  14  m/s,  both  the  direction  and  magnitude  errors  are  below 
20®  and  2  m/s  in  all  cases  except  the  24-GHz  case  with  wind 
direction  at  90®,  where  the  magnitude  error  is  slightly  above 
2  m/s  at  the  center  bands. 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  simulation  results  indicate  that  this  approach  to  analyz¬ 
ing  RAWS  data  can  provide  measurements  of  wind  aloft  with 
adequate  accuracy  for  use  in  global  atmospheric  models. 
However,  our  simulations  assumed  the  cells  to  be  covered 
entirely  by  hydrometeors,  which  is  seldom  the  case  in  reality, 
as  the  areas  involved  are  relatively  large.  Using  RAWS  alone 
may  degrade  the  measurement  accuracy  when  the  cells  are 
only  partially  covered  with  cloud.  Hence,  we  recommend  the 
combination  of  measurements  from  both  the  lidar  and  the 
radar.  The  lidars  proposed  use  a  conical  scan  pattern  similar 
to  that  of  the  radar,  but  with  a  different  scan  rate.  The 


measurement  errors  would  then  differ  from  those  of  the  radar, 
but  we  would  expect  the  results  to  be  similar.  When  vertical 
components  are  significant  in  rain,  we  can  estimate  the 
vertical  speed  from  the  relation  between  rain  rate  and  fall 
speed  [6].  Thus  the  combined  radar  and  laser  sensors  would 
have  the  capability  to  measure  winds  at  most  altitudes  even  in 
rainy  areas. 
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Abstract  —  LIDAR,  a  well  known  tool  for  remote  sensing  of 
the  atmosphere,  has  not  yet  migrated  into  a  large  commercial 
market.  Currently  it  is  not  affordable  for  most  potential  users 
such  as  small  companies  and  environmental  authorities.  The 
simulation  study  was  performed  in  order  to  check  the 
feasibility  of  a  low  cost  system  that  overcomes  the  main 
hindrances  of  the  wide  spread  use  of  this  powerful 
environmental  sensing  technology.  The  new  system  should  be 
able  to  measure  profiles  of  aerosols  and  molecules  within  a 
few  seconds  to  several  minutes  depending  on  the  required 
spatial  resolution  and  the  background  light  conditions. 

INTRODUCTION 

Conventional  LIDARs  contain  three  basic  components  that 
make  them  expensive,  a  sophisticated  impulse  laser  that 
provides  high  peak  power,  a  large  receiver  telescope,  a  highly 
sensitive  photo  detector  usually  a  photon  counting  photo 
multiplier  tube  (PMT).  Our  new  approach  is  based  on  the 
usage  of  a  semiconductor  diode  laser,  an  avalanche  photo 
diode  (APD)  in  the  current  mode  and  a  compact  receiver 
telescope.  In  order  to  check  the  feasibility  of  such  a  low  cost 
system  a  simulation  study  [1]  was  performed  using  a  mixture 
of  self  written  software  and  public  domain  programs. 

PRINCIPLE  OF  OPERATION 

The  atmosphere  is  modeled  as  a  linear,  shift  invariant  (LSI) 
system.  The  laser  transmitter  provides  the  input  signal  s(t) 
while  the  photo  receiver  detects  the  output  signal  g(t).  The 
impulse  response  h(t)  is  determined  by  the  spatial  distribution 
of  scattering  and  transmission  properties. 

oo 

g{t)=  h(tys(t)=  j  s(x)h(t-x)dt 

- CXD 

Stimulating  the  system  with  a  delta  function  5(t)  we  obtain 
h(t)  at  the  output.  Impulse  LIDARs  approximate  this  ideal  test 
signal  using  very  short  high  power  laser  pulses,  a  main  reason 
for  high  system  costs.  Impulses  of  long  duration  enhance 
sensitivity  but  lead  to  poor  spatial  resolution  and  vice  versa. 
Cross  correlation  provides  an  elegant  solution  of  this 
dilemma.  Fig.  1  shows  the  principle  of  operation. 
0-7803-3068-4/96$5.00©1996  IEEE 


Fig.  1,  System  identification  by  toss  correlation 

It  is  allowed  to  exchange  cross  correlation  and  convolution 
in  the  case  of  a  LSI  system.  This  is  equivalent  to  a  stimulation 
of  the  system  by  the  auto  correlation  function  (ACF)  of  s(t). 
Since  the  ACF  of  a  periodic  pseudo  noise  (PN)  sequence 
closely  approximates  the  delta  function  8(t)  such  sequences 
are  well  suited  for  system  identification  applications.  They  are 
easy  to  generate  by  means  of  feed  back  shift  registers  as 
indicated  in  fig.  3.  Fig.  2  shows  one  period  of  such  a  signal. 


Fig.  2,  PN  sequence  (1  period) 

Since  the  laser  energy  is  uniformly  spread  over  time  the 
required  laser  peak  power  is  within  the  range  of  continuous 
wave  (CW)  diode  lasers  even  in  the  case  of  a  compact 
receiver  telescope  and  an  APD  detector  in  the  current  mode. 

LASER  TRANSMITTER 

The  laser  transmitter  is  simply  modeled  as  a  one  pole  low 
pass  filter  with  an  edge  frequency  of  100  MHz  followed  by  an 
ideal  voltage  to  optical  power  converter  [2].  The  maximum 
CW  laser  power  was  assumed  to  be  200  mW.  The  size  of  the 
emitting  area  is  1  |im  x  3  |JLm.  The  corresponding  divergence 
angles  are  30°  respectively  10°.  The  full  width  of  half  max 
(FWHM)  of  the  spectrum  is  2  nm.  These  data  correspond  to 
the  SDL  5430  laser  diode  series. 
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ATMOSPHERE 


The  wavelength  dependent  atmospheric  impulse  response  is 
determined  by  the  spatial  distribution  of  scattering  and 
transmission.  Background  illumination  significantly 
contributes  to  the  receiver  noise  especially  in  daytime 
applications.  The  atmosphere  was  subdivided  into  20  layers  of 
500  m  thickness  leading  to  a  maximum  range  of  10  km. 
Taking  into  account  the  velocity  of  light  an  impulse  response 
of  the  atmosphere  can  be  calculated  [3].  Aerosol  detection  is 
conveniently  simulated  using  the  LOWTRAN7  software, 
which  provides  a  wavenumber  resolution  of  20  cm  .  In  order 
to  obtain  the  aerosol  phase  function  we  slightly  modified  the 
source  code  [3].  Molecular  scattering  is  a  slowly  varying 
parameter  but  there  are  extremely  narrow  absorption  lines. 
Therefore  transmission  by  molecules  was  simulated  [3]  using 
FASCODE3,  which  provides  extremely  fine  wavelength 
resolution.  Proper  detection  of  aerosols  should  be  performed 
at  wavelengths  without  significant  molecular  absorption. 

Background  illumination  was  simulated  using 
LOWTRAN7.  For  daytime  operation  we  used  day  93  of  the 
year  at  10  AM  Greenwich  time  with  51®  north  and  8°  east 
(central  region  of  Germany  in  a  late  spring  morning).  For 
night  time  operation  we  used  a  moon  phase  angle  of  90®  [3]. 

IMAGING  SYSTEM 

The  imaging  system  was  simulated  using  modified  ray 
tracing  software,  which  was  originally  developed  for  the 
simulation  of  optical  contour  sensing  [3,  4].  The  diameter  of 
the  well  corrected  transmitter  lens  (e.g.  achromatic  lens)  is  5 
cm.  The  focal  length  is  8  cm.  The  receiver  telescope  was 
assumed  to  be  build  using  a  25  cm  parabolic  reflector  with  a 
focal  length  of  80  cm.  In  order  to  suppress  background  light  a 
2  nm  optical  bandpass  filter  matched  to  the  FWHM  of  the 
laser  spectrum  was  assumed. 

PHOTO  RECEIVER 

The  receiver  contains  a  silicon  APD  HAMAMATSU 
S6045-02.  The  quantum  efficiency  at  X  -  830  nm  is  75%.  The 
amplification  was  set  to  M  =  100.  The  excess  noise  factor  is 
F(M)  =  M^  (x  =  0.3).  The  dark  current  is  about  100  pA  (=  0.2 
pA  primary,  =  80  pA  secondary)  [2].  The  diameter  is  0.5  mm 
so  that  proper  focusing  is  no  problem.  The  transimpedance 
amplifier  was  modeled  as  a  three  pole  low  pass  filter  of 
Butterworth  type.  The  edge  frequency  is  matched  to  the  clock 
frequency  of  the  PN  generator  [2]. 

Shot  noise  results  from  signal  current,  dark  current  and 
photo  current  generated  by  background  light.  These 
contributions  are  modeled  using  Poisson  distributed  random 
numbers  [2]. 

The  amplification  M  is  a  stochastic  quantity.  We  found  out 
[2],  that  the  probability  density  function  of  M,  fM(M)  is  well 
'^^’Tiated  by  a  log  normal  distribution: 


/a/(M)  = 


1  1 


c^J2n  M 


exp 


^  (in  M  -  mf  ^ 
2.a^“ 


(2) 


m  -  in 


M 

o  = 

V 

M  is  the  mean  gain,  n  is  the  number  of  electrons  prior  to 
amplification.  Using  an  APD  in  the  current  mode  strongly 
reduces  the  complexity  of  the  envisaged  LIDAR  system.  No 
PMT  or  photon  counting  receiver  [5,  6]  is  needed. 

Thermal  noise  contributions  of  the  transimpedance  and  the 
amplifier  noise  are  modeled  using  Gaussian  distributed 
random  numbers  [2]. 


CORRELATION  UNIT 


Averaging  is  required  in  order  to  obtain  significant  test 
results.  Therefore  the  correlation  function  for  all  lags  must  be 
determined  simultaneously.  In  fig.  3  a  delaying  shift  register,  a 
number  of  EXORs  and  integrators  form  the  correlation  unit. 
Programmable  ICs  enable  an  economic  realization.  Different 
to  [5,  6]  no  broadband  signals  must  be  digitized  and  processed 
on  a  computer.  This  leads  to  finer  spatial  resolution.  The  PN- 
sequences  can  be  much  longer  (2  ^-1  chips).  This  leads  to 
proper  offset  suppression  [2,  5,6]. 

RESULTS  OF  SIMULATION 


Fig.  4  shows  a  simulated  aerosol  detection  [2]  at  ^  =  830 
nm.  The  U.S.  1976  standard  atmosphere  with  a  viewing  range 
of  23  km  (rural  atmosphere)  was  assumed.  The  viewing 
direction  was  vertical.  4a  shows  the  impulse  response  of  the 
atmosphere.  4b  shows  the  simulated  test  result  for  nighttime 
measurement.  The  clock  frequency  is  25  MHz  leading  to  a 
spatial  resolution  of  6  m.  The  measurement  time  is  10 
seconds.  Thermal  noise  in  the  transimpedance  amplifier  is  the 
dominating  source  of  error.  4c  shows  the  simulated  test  result 
for  daytime  measurement.  The  receiver  bandwidth 
respectively  the  clock  frequency  is  5  MHz  leading  to  a  spatial 
resolution  of  30  m.  The  measurement  time  is  50  seconds.  Shot 
noise  caused  by  background  illumination  is  the  dominating 
source  of  error. 


CONCLUSION 

The  simulation  confirms  the  feasibility  of  the  envisaged 
concept  for  daytime  and  nighttime  applications.  This  enables 
the  development  of  an  economic  LIDAR,  which  should  match 
a  variety  of  standard  applications,  e.g.  surveillance  of 
particular  industrial  facilities  and  companies.  Considering  the 
fast  development  of  diode  lasers  (e.g.  DBR  lasers)  there 
seems  to  be  virtually  no  limitation  for  future  applications. 
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Fig.  4,  Simulated  aerosol  detection 
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Abstract 

This  work  evaluates  the  potential  of  remote  sensing  visible 
and  near  infrared  spectrometry  for  studying  the  dynamics  of  a 
temperate  deciduous  forest.  It  is  conducted  with  the  airborne 
Reflective  Optics  Spectrometric  Imaging  System  (ROSIS)  in 
the  frame  of  the  European  Multisensors  Airborne  Campaign 
(EMAC-94).  A  modeling  approach,  Le.  coupled  canopy  and 
leaf  reflectance  models,  is  used  for  assessing  the  sensitivity  of 
forest  parameters  and  associated  relationships  to  experimental 
(illumination  and  viewing  conditions)  and  biophysical  (soil 
reflectance,  forest  structure)  factors. 


Pass  ( 1 994) 

Mode 

Spectral  sampling 

Ax 

Stands 

overflown 

(i):May  10 
visibility:  10km 

Spectral 
Nadir 
(81  bands) 

430-550  nm:  12nm 
554-830  nm:  4nm 

16m 

36 

(2):  July  10 
visibility:  12km 

Spatial 
Nadir 
(32  bands) 

430-550  nm:  12nm 
554-830  nm:  4nm 

5.6m 

24 

(3):  July  10 
visibility:  12km 

Spatial 

20°  forward 
(32  bands) 

430-550  nm:  12nm 
554-830  nm:  4nm 

5.6m 

26 

Table  2:  Main  characteristics  of  ROSIS  acquisitions. 


Introduction 

Until  now  a  number  of  empirical  studies  has  been  carried 
out  for  analyzing  forest  chemistry  (chlorophyll,  lignin,  etc.) 
and  structure  parameters  (leaf  area  index:  LAI,  tree  density) 
with  remote  sensing  spectrometry.  Results  are  quite  variable 
depending  on  the  test  site  and  forest  conditions  ([1],  [2]).  The 
difficulty  to  make  definite  statements  stresses  the  importance 
of  realistic  modeling  approaches  to  study  the  robustness  of 
regression  relationships  that  are  usually  found  empirically 
between  forest  parameters  and  reflectance  data. 

Study  area:  the  Fontainebleau  forest,  near  Paris,  is  a 
deciduous  forest  (23,000ha)  mainly  composed  of  oaks 
(Quercus  petraea,  Quercus  pedonculata),  beeches  (Fagus 
sylvatica),  and  pines  (Pinus  sylvestris).  It  is  managed  by  the 
French  National  Office  of  Forestry.  Fifty  one  stands  along  a 
16  km  transect  were  intensively  checked  (Table  1)  in  the  field 
for  a  number  of  parameters  (LAI,  chlorophyll  concentration, 
tree  density,  tree  dimensions,  etc.). 


May  10;  1994 

July  10,  1994 

Chlorophyll 
concentration  (pg/cm^) 

R:  10.6---33.1 
m:21.9  a:  5.5 

R:  45.2=^-*87 
m:68.6  0:12.4 

LAI 

R:  l.l*-*7.6 
ni:3.9  0:  1.9 

R:  I.2---8.3 

m:  4.6  a:  2.2 

Table  1:  Range  (R),  mean  (m)  and  standard  deviation  (a)  of 
chlorophyll  and  LAI  of  stands  that  were  overflown. 


Remote  sensing  data:  the  ROSIS  spectrometer  works  in  the 
visible  and  near-infrared  region  with  an  IFOV  of  0.56  mrad 
and  a  FOV  of  ±8°.  It  is  operated  by  the  Institute  of 
Optoelectronics  (DLR,  Germany)  and  the  Institute  of  Physics 
(GKSS,  Germany).  It  was  flown  at  10,000  m  altitude.  DLR 
provided  calibrated  and  roll  corrected  data.  Their  spectral  and 
spatial  characteristics  are  in  Table  2. 
0-7803-3068-4/96$5.00©1996  IEEE 


The  models 

Leaf  optical  properties  with  variable  chlorophyll 
concentrations,  were  simulated  with  the  PROSPECT  model 
[3].  This  model  uses  only  three  input  parameters:  leaf 
chlorophyll  (Cab)  and  water  (C^)  concentrations  and  a  leaf 
mesophyll  structure  parameter  (N). 

Canopy  reflectance  was  simulated  with  the  DART  [4] 
model  (Discrete  Anisotropic  Radiative  Transfer).  The  latter 
simulates  remote  sensing  images  of  heterogeneous  3D  scenes 
with  leaves,  grass,  trunks,  water  and  soil  elements. 

Atmospheric  corrections 

Raw  ROSIS  reflectances  (p*)  were  atmospherically 
corrected  with  input  parameters  from  the  6S  model  [5],  a  mid¬ 
latitude  summer  atmosphere  and  atmospheric  profiles: 

_ _ p*  -  Tg(9s,ev,z).pa(z) _ 

“  Tg(03,0v.z).T(e3).T(0v,z)+S(z).(p*-  Tg(03,0v,z).pa) 

pa(z):  atmospheric  reflectance,  S(z):  spherical  albedo  of  the 
atmosphere,  Tg(es,0v,z):  transmittance  (gaseous  absorption), 
T(0s)  and  T(0v,z):  transmittance  (total  scattering  and  aerosol 
absorption)  with  sun  zenith  angle  (0s),  view  zenith  angle  (0v) 
and  aircraft  altitude  (z). 

Fig  1  and  2  show  raw  and  atmospherically  corrected  mean 
spectra  of  various  forest  stands,  on  May  10.  Raw  reflectances 
are  very  low  (-3-4%)  in  the  blue  region,  which  is  impossible; 
e.g.  with  a  100  km  visibility  the  6S  model  indicates  that 
pa(?i=480nm)  is  7%.  In  fact  the  visibility  was  10km,  Le. 
pa(X=480nm)~15%.  This  explains  that  corrected  reflectances 
are  negative  in  the  blue  region;  calibration  coefficients  may 
not  be  correct  in  that  region. 
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Figure  1:  Raw  ROSIS  reflectances  of  forest  stands  (May  10, 
1994).  O:  oak  ,  B:  beech  ,  P:  pine,  OB:  oak  and  beech. 
The  index  indicates  the  number  of  test  sites.  Atmospheric 
features  (O2: 762nm,  H20: 720  and  820nm)  appear. 


differentiated  with  the  20°  off-nadir  viewing  configuration,  Le. 
a  configuration  more  suitable  for  structure  detection. 

The  existence  of  relationships  between  ROSIS  reflectance 
and  chlorophyll  concentration  (Chi,  jig/cm^)  was  investigated 
with  a  two  terms  (Tab.  3)  stepwise  regression: 

Chi  =  bo  +  bj.pp^j  +  b2.p;^2 


Wavelength 

selection 

Constant 

Coefficients 

a 

Number 
of  spectra 

?ii  =  527 
;^2=563 

88.1 

bo  =100.5 

bi  =  -2545 
b2=1675 

9.6 

29 

A.i=703 

^2=563 

87.8 

b()=30.8 

bi  =  -815 
b2=1432 

9.7 

29 

Xi=479 

X2=655 

86.5 

b()=  158.8 

bi=-3145 
b2  =  607 

10.2 

29 

Table  3:  Coefficients  of  best  stepwise  regression  of  ROSIS 
spectra  against  chlorophyll  concentration  (pg/cm^). 


Figure  2:  Atmospherically  corrected  ROSIS  spectra  of  Fig.  1 . 
The  O2  absorption  feature  at  760nm  was  corrected  assuming 
Tg(O2)=0.69,  Le.  8  nm  spectral  resolution. 


Statistical  analysis 

Significant  differences  between  species  spectra  were  assessed 
with  a  one-factor  analysis  of  variance:  the  Tuckey's  method,  Le. 
pairwise  comparisons  on  means  differences.  Stands  spectra 
were  gathered  into  four  groups:  oaks,  beeches,  pines  and  mixed 
(oaks  and  beeches).  For  both  passes  1  (May  10;  0v=O°)  and  3 
(July  10;  6v=+20°)  spectra  of  pines,  oaks  and  beeches  differ 
significantly  in  the  near-infrared  (730-845  nm)  region.  Viewing 
direction  appeared  to  be  a  discriminating  factor  because  spectra 
of  the  vertical  acquisition  on  July  10  could  not  be 
differentiated. 

So,  in  the  730-800nm  region,  the  variability  of  species 
spectra  seems  to  be  explained  mainly  by  canopy  structure. 
Indeed,  on  July,  at  maximum  vegetation  extent,  the  nadir 
observation  did  not  allow  us  to  detect  significant  differences 
between  the  three  species  whereas  these  spectra  were 


Reflectances  are  highly  correlated:  r^E  [81-100]  in  the 
visible  [433-681].  This  explains  why  we  find  many  "good” 
regression  relationships  whereas  no  wavelength  is  more 
significant  than  others. 

We  investigated  also  the  existence  of  a  relationship  between 
chlorophyll  concentration  and  the  red-edge  shape,  through  the 
computation  of  the  inflection  point  (A^)  in  the  710-750nm 
region.  was  defined  as  the  root  of  the  second  derivative  of  a 
Lagrange  interpolation  polynomial  computed  with  5  points  in 
the  red  edge  region.  For  both  dates,  no  correlation  was  found 
between  and  chlorophyll  concentration  (Fig.  3).  Moreover, 
the  normalized  difference  vegetation  index  (NDVI)  was  not 
related  to  chlorophyll  concentration  (r2= 0.068,  Fig.  4). 

Figure  3: 

A.i  vs.  chlorophyll 
concentration 
(pg/cm^),  with 
ROSIS  corrected 
data  of  July,  10. 
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Figure  4: 

NDVI  vs. 
chlorophyll 
concentration, 
with  ROSIS 
data  of  July 
10. 
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Model  simulations 


Conclusion 


Only  preliminary  results  are  presented  hereafter.  In  a  first 
step  we  tested  the  capability  of  the  DART  model  to  simulate 
actual  remotely  acquired  images.  Simulations  were  first 
conducted  for  site  A  good  agreement  was  found  using  a 
35%  filling  coefficient  of  crowns  (Fig.  5). 

Moreover  a  sensitivity  study  was  conducted  in  order  to 
quantify  the  effect  of  variations  of  leaf  chlorophyll 
concentration  on  visible  canopy  reflectance.  Canopy  reflectance 
of  site  Bi3  was  simulated  with  varying  chlorophyll 
concentrations  [lO-SSjig/cm^]  and  actual  concentration  of 
20.31|Ltg/cm^.  Simulations  were  conducted  with  two  models 
(SAIL  [6]  and  DART)  for  LAI=7.6.  Input  parameters  are 
mentioned  in  Table  4.  DART  and  ROSIS  simulations  show  a 
similar  trend  (Le.  lower  canopy  reflectance  with  higher 
chlorophyll  concentrations)  but  the  SAIL  model  overestimates 
reflectances  because  it  assimilates  canopy  to  homogeneous 
horizontal  layers  (shadows  are  neglected  and  soil  influence  is 
not  well  taken  into  account).  ROSIS  data  do  not  allow  us  to 
verify  this  tendency  because  all  the  overflown  stands  have 
different  LAI.  Presently,  ROSIS  images  of  all  sites  are  being 
simulated.  The  objective  is  to  assess  the  influence  of  LAI, 
structure  and  chlorophyll  concentration  in  canopy  reflectances. 
Indeed,  these  reflectances  appear  to  be  nearly  constant  for  all 
spectral  bands  in  the  visible  domain.  Fig.  5  shows  reflectances 
for  X=550nm. 


Reflectance  factor  {9() 


Figure  5: 

Comparison  of 
DART  and  SAIL 
simulations  of  site 
B,o  (LAI=7, 
Chl:=20.3pg/cm2). 
ROSIS  data  are 
for  all  stands 
(LAI::rl. 05-7.6) 


Structural  parameters 

Optical  &  experimental  parameters 

LAI  =  7.6 

Pundersioo’ •  0.15,  COicaf  :  60  tO  15% 

Tree  Height:  16m  ±  0.8m 

SKYL  =  0.23 

Tree  density  :  3563  trees/ha 

0^  =  53°,  9s  =  103° 

Crown  diameter ;  L5m 

Ov  =  0° 

Table  4:  DART  input  parameters  for  simulating  B^  stand. 
LAI  is  the  only  structural  parameter  used  with  SAIL. 


Due  to  experimental  constraints,  our  study  area  was  overflown 
at  two  dates  only  and  moreover  with  a  partial  coverage  only. 
So,  our  work  is  limited  by  the  small  range  of  canopy  parameters 
(chlorophyll,  structure).  In  order  to  minimize  this  constraint,  we 
are  complementing  the  empirical  analysis  of  ROSIS  data  with  a 
physically  based  approach  {Le.,  DART  and  PROSPECT)  that 
allows  us  to  simulate  actual  remotely  acquired  images  (Fig.  6). 
Study  of  forest  parameters  will  be  conducted  with  the  images. 


Figure  6: 

DART  simulated 
image  of  a  3-D 
heterogeneous 
tree  cover. 
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Abstract-  A  procedure  for  determination  of  conifer  needle 
spectral  optical  properties  (transmittance,  T;^;  reflectance,  R;^; 

A  =  wavelength)  was  developed  to  support  field  measurements 
acquired  in  the  Boreal  Ecosystem- Atmosphere  Study 
(BOREAS).  This  was  a  revision  of  a  protocol  [1]  which  uses 
an  indirect  and  labor-intensive  step  (involving  painting  of 
needles)  to  estimate  the  inter-needle  light  transmittance  gaps,  or 
gap  fraction  (GF),  in  each  sample.  Our  procedure  uses  a  direct 
image  capture  method  to  calculate  GF,  enabling  measurements 
on  both  dorsal  and  ventral  surfaces  of  all  samples,  and  is  3-4 
times  faster  than  [1  ].  However,  for  either  method  T;^  under¬ 
estimates  often  result,  including  negative  T;^  in  the  visible  (VIS) 
spectrum,  especially  when  GF  is  large  (>25%).  We  performed 
controlled  experiments  to  evaluate  the  general  effect  of  GF,  and 
errors  in  GF  estimation,  on  the  calculated  T;^^  and  R;^  spectra. 

T;^^  was  found  to  be  inversely  related  to  GF,  with  larger 
coefficients  associated  with  VIS  than  near- infrared  (NIR)  A. 
Consequently,  GF  overestimates  also  yielded  T;^^  under¬ 
estimates.  Using  these  results,  we  developed  a  correction 
algorithm  for  our  BOREAS  measurements.  “Corrected” 
estimates  of  the  fraction  of  absorbed  photosynthetically  active 
radiation  (APAR)  were  ~80-84%  for  jack  pine  and  75-78%  for 
black  spruce.  Correction  reduced  the  Simple  Ratio  (SR  = 
VIS/NIR)  by  40-60%  in  most  cases.  SR  calculated  from 
corrected  T;^  spectra  were  significantly  higher  than  those 
determined  from  R;^^  spectra. 

INTRODUCTION 

Accurate  estimates  of  leaf  spectral  optical  properties  for 
reflectance  (R^,  A=wavelength),  transmittance  (T;^),  and 
absorptance  (A;^^)  are  critical  for  relating  radiative  transfer 
properties  of  leaves  to  their  phenological  stage  and  physio¬ 
logical  state.  These  optical  properties  provide  the  critical  link 
between  remotely  acquired  optical  observations  at  canopy  or 
landscape  scales  and  leaf-level  mass  and  energy  exchange 
processes.  A  rigorous  method  is  available  for  obtaining  R;^  and 
spectra  of  broadleaf  species  using  a  small  integrating  sphere 
mounted  on  a  spectroradiometer  [1]:  a  leaf  holder  and  attached 
sample  is  placed  in  a  port  of  the  sphere,  covering  the  entire 
aperture  (--1 .65  cm^)  with  a  single  flat  layer  of  leaf  material. 

Obtaining  comparable  measurements  on  conifer  needles  is 
much  more  difficult.  Needles  typically  do  not  conform  to  a 
uniform  and  flat  projection;  they  exhibit  a  species-specific 
cross-sectional  shape,  with  thickness  varying  across  the 


needle’s  width,  as  well  as  a  characteristic  3-dimensional  shape 
[2].  Additionally,  the  widths  (mm)  and  lengths  (mm  to  cm)  of 
needles  of  many  species  are  relatively  small,  requiring  the 
inclusion  of  multiple  needles  per  sample  to  provide  adequate 
material  for  measurements.  In  the  course  of  compositing  a 
single  layer  of  needles,  inter-needle  gaps  are  unavoidable, 
producing  a  variable  gap  fraction  (GF)  per  sample. 

Originally,  we  utilized  the  equations  and  methodology  for 
obtaining  conifer  needle  R;^^  and  T;^  advocated  by  [1  ],  including 
the  use  of  a  large  gap  fraction  (>25%)  per  sample.  Their 
protocol  for  indirectly  accounting  for  GF  requires  painting  of 
one  side  of  each  needle  sample  set,  a  labor-intensive  and  time- 
consuming  step  that  limits  measurements  to  either  dorsal  or 
ventral  surfaces.  We  replaced  that  procedure  with  a  direct  GF 
estimate  using  a  digital  computer  image  capture  and  analysis 
system.  Combined  with  streamlined,  specialized  software  for 
data  acquisition  and  processing  steps,  our  revised  protocol  is  3- 
4  times  faster  than  theirs,  enabling  the  acquisition  of  R;^^  and  T;^^ 
for  -^30  sample  sets  (both  dorsal  and  ventral  surfaces)  per  day. 
However,  with  either  the  indirect  or  direct  GF  methods,  large 
GFs  contribute  to  large  underestimates  of  T;^^,  especially  in  the 
visible  spectrum  where  negative  transmittances  routinely  result. 
Also,  R;^^  may  be  overestimated  with  large  GF. 

Another  revision  [3]  of  the  Daughtry  method  was  recently 
presented  which  eliminates  the  GF  effect  by  placing  4  needles 
in  fixed,  individual  slots  across  a  sample  holder.  However, 
calculations  are  more  complicated,  and  the  estimate  obtained 
is  for  the  needle  core  (typically  the  thickest  region)  and 
therefore  underestimates  T;^  for  the  whole  needle,  as  verified  in 
comparisons  made  with  the  two  methods  (unpublished  data). 

In  this  paper,  we  evaluated  the  influence  of  GF  on  optical 
properties  of  conifer  needles  calculated  with  the  published 
equations  [1].  We  developed  a  revised  methodology  to  account 
for  the  influence  of  GF  on  spectral  optical  properties.  We 
applied  the  findings  to  our  measurements  [4]  for  jack  pine 
(Pinus  banksiana  Lamb.)  and  black  spruce  (Picea  mariana 
Mill. )  made  in  Saskatchewan,  Canada  as  participants  in  the 
1 994  Boreal  Ecosystem- Atmosphere  Study  (BOREAS)[5]. 

METHODS 

Our  revised  methodology  for  the  acquisition  of  spectral 
measurements  integrates  a  Needle  Image  Analysis  System 
(NIAS,  described  below)  with  the  standard  hardware  comprised 
of  a  spectroradiometer  (SE-590,  Spectron  Engineering,  Denver, 
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CO),  an  integrating  sphere  (LI- 1800,  LI-COR,  Inc.,  Lincoln, 
NE),  and  one  of  two  light  sources  (LI- 1800- 12  &  LI-9918-011; 
LI-COR,  Inc.)  designed  to  produce  either  round  or  slitted 
illunaination  beams,  respectively.  These  were  paired  with 
custom-made  sample  holders  having  either  circular  (for  pine 
needles)  or  slitted  (spruce  needles)  apertures  (Fig.  1).  The 
NIAS  includes  a  B/W  CCD  video  camera,  a  monochrome 
frame-grabber  board,  an  IBM  PC  compatible  laptop  unit  with 
docking  station,  a  light  table,  and  a  video  monitor  display  with 
fill!  640  X  480  square  pixel  spatial  resolution  (pixel  =  1 . 1 1  x 
10'^  mm^)  and  256  gray  levels.  NIAS  was  used  to  determine 
gap  fraction  per  sample,  the  ratio  of  needle  gap  area  to  that  of 
the  total  illuminated  area  within  the  aperture  (round  or  slitted) 
of  a  precision  reference  template  placed  on  a  light  table  and 
viewed  from  above  by  camera.  Software  for  image  capture  was 
“Computer  Eyes/RT”  (Digital  Vision,  Inc.,  Dedham,  MA)  and 
for  processing  was  “Mocha”  (Jandel  Scientific,  San  Rafael, 

CA).  Appropriate  calibration  procedures  were  used:  a)  for  the 
template,  each  sample;  b)  for  the  stray  light/dark  current  scans 
per  measurement  set;  and  c)  for  the  wavelength  stability  of  the 
radiometer  and  its  spectral  radiance  coefiicients,  each  field 
campaign.  Custom  software  was  developed  by  M.  A.  Mesarch 
(UN-L)  to  label,  organize,  document,  and  preprocess  the 
spectral  data  acquired  for  T;^  and  R;^  of  dorsal  and  ventral 
surfaces  of  each  sample.  We  collected  T;^^  and  R;^  with  large  GF 
(0.25-0.60)  during  the  early  summer  1994  BOREAS  field 
campaign,  IFC-1 .  We  restricted  GF  to  <0. 1 5  for  the  mid¬ 
summer  and  fall  campaigns  (IFCs-2  &3)  to  minimize  the  GF 
effect  on  our  measurements. 

We  eliminated  several  potential  factors  that  might  produce  T;^ 
underestimates,  including  a  mismatch  between  the  size  and 
position  of  the  illumination  beam  and  the  sample  template, 
differences  in  reflectivity  of  the  sphere  coating  and  the  reference 
plug,  and  software  errors.  After  BOREAS,  separate  laboratory 
tests  were  performed  by  the  UN-L  and  the  NASA  participants 
to  evaluate  the  influence  of  GF  on  the  measured  optical 
properties  of  conifer  needles.  The  UN-L  team  performed 
sensitivity  analyses  on  the  influence  of  GF  estimation  errors  (for 
select  GF)  on  the  calculated  optical  properties  [1],  using 
processed  Ektachrome  slide  film  (with  T;^  and  R;^^ 
characteristics  similar  to  green  vegetation)  cut  to  resemble 
conifer  needles.  The  NASA  team  performed  experiments  to 
determine  the  general  effect  of  increasing  GF  on  the  calculated 
T;^^  and  R;^^  of  locally  available  mature  pine  needles  (e.g.,  Pinus 
virginiana  Mill.).  The  UN-L  team  also  examined  the  impact  of 
GF  estimation  errors,  for  select  GF  (e.g.,  0.56  and  0.06),  on 
their  BOREAS  measurements.  Together,  we  utilized  the  results 
of  the  UN-L  sensitivity  analyses  and  the  NASA  GF  experiment 
to  develop  a  correction  algorithm  for  our  BOREAS  data  [4], 
obtaining  improved  seasonal  estimates  of  spectral  T;^^,  R;^^,  and 
for  jack  pine  and  black  spruce  needles.  From  spectra, 
til.  fraction  of  absorbed  photosynthetically  active  radiation 
(APAR,  400-700  nm)  was  determined.  A  spectral  vegetation 
index  based  on  near-infrared  (NCR.)  and  visible  (VIS)  observa¬ 
tions  was  computed  for  values  at  820  nm  and  670  nm  from  T;^ 


and  R;^  spectra.  This  was  the  Simple  Ratio  (SR=  NIRATS). 

RESULTS 

The  UN-L  sensitivity  analyses  revealed  that  an  overestimate 
of  GF  produced  an  underestimate  of  T;^,  often  resulting  in 
negative  T;^  in  the  VIS  region.  The  absolute  and  relative  errors 
in  VIS  &  NIR  optical  properties  that  resulted  from  errors  in 
determinations  of  GF  (Table  1)  are  unacceptably  high  for  a 
10%  error  in  GF  determination  at  relatively  large  GF  (0.30- 
0.60).  For  that  GF  range,  relative  errors  in  T;^^  associated  with  a 
10-20%  error  in  GF  were  >20%  (VIS)  and  15-20%  (NIR); 
comparable  relative  errors  for  R;^  were  9- 1 2%  (VIS)  and  9- 
1 6%  (NIR).  Even  for  relatively  small  GF  (0.05-0. 1 5),  the 
relative  errors  in  T;^  (Fig.  2)  associated  with  a  10-20%  error  in 
GF  were  -16-20%  (VIS)  and  -5%  (NIR),  but  comparable 
errors  in  R;^  were  only  2-3%.  Errors  in  T;^  and  R;^  due  to  GF 
errors  were  slightly  larger  when  acquired  with  the  smaller, 
slitted  holders. 

The  general  effect  of  increasing  gap  fraction  (<50%)  on  the 
measured  T;^  of  mature  pine  needles  was  a  monotonic  decrease 
with  increasing  GF,  as  shown  for  needles  similar  in  thickness  to 
the  boreal  species  (Fig.  3).  The  spectral  regions  associated 
with  the  greatest  absorption  (e.g.,  chlorophyll)  were  most 
affected:  negative  T;^^  were  calculated  in  the  visible  X  for 
virtually  all  GF,  for  Aese  needles.  The  measured  T;^  (T;^^)  is 
linearly  related  to  GF,  as  shown  for  select  X  in  Figure  4A,  for 
which  the  ‘y  intercept’  represents  the  true  (GF=0)  value  (T;^o) 
and  C;^  is  the  regression  coefticient: 

TaX  =  T;,o-c/GF.  {1} 

When  applied  over  the  frill  VIS  &  NIR  spectrum,  a  correction 
spectrum  (c;^*GF)  per  GF  is  produced  (Fig.  4B),  essentially  the 
estimated  spectral  bias  in  the  measurement  due  to  GF 
distortions.  Different  slopes  (c;^)  and  correction  factors  were 
needed  for  thick  and  thin  needles  (data  not  shown).  For  all 
needles,  those  spectral  regions  that  are  relatively  transparent 
(e.g.,  NIR)  are  less  affected  by  GF,  as  evidenced  by  a  lower 
slope  of  the  linear  relationship  (and  smaller  correction  factor). 
When  this  information  was  applied  to  T;^  for  BOREAS 
measurements  of  jack  pine  and  black  spruce  (Fig.  5  A,  B), 
improved  T;^  spectra  were  obtained. 

The  measured  R;^^  were  not  affected  by  GF  for  this  particular 
needle  set.  [However,  a  10%  overestimate  was  observed  in  all 
X  at  GF>0. 1 5  for  another  species;  and,  we  observed  a  linear 
increase  for  R;^  as  a  fiinction  of  GF  for  another  set  comprised  of 
thinner  needles.  Data  not  shown].  R;^  and  T;^  spectra  were 
used  to  calculate  A;^  [1  -  R;^  -  TJ.  Table  2  gives  APAR  and 

SR  determined  from  the  original  and  corrected  BOREAS 
spectra  for  j ack  pine  and  black  spruce  in  IFCs- 1  &3 .  The 
corrected  APAR  estimates  (78-80%)  for  early  summer  were  8- 
1 1  %  lower  than  those  for  uncorrected  needle  spectra.  The  SR 
for  corrected  spectra  were  also  significantly  different,  and  in 
most  cases  were  40-60%  lower.  Corrected  SR  calculated  from 
T;^  spectra  were  significantly  higher  that  those  calculated  from 
R;^^  spectra. 
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Table  1.  Per  cent  absolute  (Abs.)  and  relative  (Rel.)  errors  for 
Transmittance  (T;^^)  and  Reflectance  (R;^  in  the  VIS  (400-700 
nm)  and  NIR  (700-1000  nm)  spectra  that  result  from  errors  in 
the  estimation  of  Gap  Fraction  (GF). 


Relative 


GF 

Range 

GF 

Error 

Optical  Error 
Property  Type 

Spectrum 
VIS  NIR 

1 .  Round  Aperture 

0.05-0.15 

10% 

Tx 

Abs. 

1.3 

1.3 

Rel. 

16.0 

4.6 

Rx 

Abs. 

0.5 

1.0 

Rel. 

<3.0 

2.0 

0.0  5-0.15 

20% 

Tx 

Abs. 

2.0 

2.0 

Rel. 

>20.0 

5.0 

Rx 

Abs. 

0.5 

1.3 

Rel. 

<3.0 

2.5 

0.30-0.60 

10% 

Tx 

Abs. 

6.5 

5.5 

Rel. 

>20.0 

14.5 

Rx 

Abs. 

1.5 

4.5 

Rel. 

8.5 

8.5 

0.30-0.60 

20% 

Tx 

Abs. 

10.0 

8.0 

Rel. 

>20.0 

20.0 

Rx 

Abs. 

2.0 

7.0 

Rel. 

11.7 

15.5 

0.40-0.80 

10% 

Tx 

Abs. 

15.0 

14.0 

Rel. 

>20.0 

>20.0 

Rx 

Abs. 

7.5 

12.5 

Rel. 

>20.0 

20.0 

0.40-0.80 

30% 

Tx 

Abs. 

>20.0 

25.0 

Rel. 

>20.0 

>20.0 

Rx 

Abs. 

15.0 

22.0 

Rel. 

>20.0 

>20.0 

2.  Slitted  Aperture 

0.05-0.15 

15% 

Tx 

Abs. 

1.5 

1.8 

Rel. 

20.0 

5.8 

Rx 

Abs. 

<1.0 

1.3 

Rel. 

<6.0 

2.5 

0.05-0.15 

30% 

Tx 

Abs. 

4.0 

2.5 

Rel. 

>20.0 

7.7 

Rx 

Abs. 

1.5 

2.0 

Rel. 

8.0 

4.0 

DISCUSSION 

We  revised  the  Daughtry  et  al.  [1]  protocol  because  we 
needed  a  flexible  method  that  was  easy  to  implement  for  a  large 
sample  size  in  a  portable,  field  laboratory.  Also,  we  could  not 
assume  a  fixed  low  (<2%)  in  the  red  chlorophyll  absorptance 
region  for  our  needles,  as  was  done  by  [1],  because  of  the 
expected  seasonal  change  in  the  visible  spectra  of  boreal 
species. 


Table  2,  Optical  Parameters  [APAR,  SR^  ,  and  SR^  ]  derived 
froni  uncorrected  and  corrected  A;^^,  R;^,  and  T;^  spectra  for  jack 
pine  (JP)  and  black  spruce  (BS),  from  BOREAS  1 994  IFCs-1 
&  3  (early  summer  and  fall). 


Species/IFC 

Parameter 

Uncorrected 

Corrected 

JP/ffC-l 

APAR  (%) 

91.3 

80.0 

SR, 

5.3 

N/A 

SRt 

14.0 

8.8 

JP/ffC-3 

APAR  (%) 

86.4 

84.1 

SR, 

6.7 

N/A 

SRj 

21.4 

9.3 

BS/ffC-1 

APAR  (%) 

86.8 

78.2 

SR, 

4.5 

N/A 

SRt 

7.8 

9.8 

BS/IFC-3 

APAR  (%) 

74.6 

75.3 

SR, 

3.8 

N/A 

SRj 

8.4 

5.0 

SRj^and  SR^-  were  calculated  from  Reflectance  and 
Transmittance  spectra,  respectively. 

Our  results  clearly  indicate  that  transmittances  are 
underestimated  when  light  gaps  are  present  in  the  sample 
holder’s  aperture  T;^  is  linearly  reduced  as  a  function  of 
increased  GF,  with  Tcater  impact  in  the  visible  spectrum. 

Even  at  small  GF,  a  correction  is  beneficial.  The  errors  in  T;^ 
resulting  from  10-20%  errors  in  the  estimation  of  GF  (based  on 
the  sensitivity  analyses)  represent  a  special  case  of  this  general 
result,  with  overestimates  of  GF  resulting  in  underestimates  of 
T;^^.  By  working  with  needles  of  similar  thickness  to  the  boreal 
species,  we  were  able  to  transfer  the  results  of  our  controlled 
experiments  to  our  field  data,  with  good  success.  However, 
different  slopes  for  T;^  vs’  GF  were  observed  for  a  range  of 
needle  thicknesses;  and  overestimates  of  R;^  at  large  GF  were 
apparently  sample-dependent. 

T;^  is  controlled  by  the  optical  density  of  the  needle  interior 
and  R;^  is  controlled  by  needle  surface  features.  Therefore,  it  is 
preferable  to  develop  the  regression  coefficients  for  T;^  (and  R;^, 
if  needed)  vs.  GF  from  the  same  needle  type,  species,  age  and 
condition  as  are  examined  in  the  field  measurements.  We 
currently  plan  to  include  this  procedure  in  our  protocol  for  each 
species  examined  in  each  field  campaign.  The  importance  of 
employing  these  corrections  is  highlighted  by  the  adjusted 
APAR  and  SR  values  (Table  2):  the  uncorrected  APAR  (or  SR) 
estimates  were  --10%  (or  <50%)  too  large  when  measurements 
were  made  with  GF  «  0.40.  Whereas  estimates  of  APAR  were 
similar  in  corrected/uncorrected  spectra  collected  with  a  small 
GF  (--0.08),  the  associated  SR  for  uncorrected  spectra  were  44- 
60%  too  large.  Consequently,  the  expected  relationship 
between  APAR  and  SR  [6]  was  confounded  without  application 
of  the  corrections. 


1007 


ACKNOWLEDGMENTS 

We  thank  Mr.  Scott  Mitchell  (SSAI)  for  assisting  with  data 

processing. 

REFERENCES 

[1]  C.S.T.  Daughtry,  L.L.  Biehl,  and  K.J.  Ranson,  “A  new 
technique  to  measure  the  spectral  properties  of  conifer 
needles,”  Sens.  Environ.,  vol.  27,  pp.  81-91, 1989. 

[2]  D.G.  Brand,  ‘‘Estimating  the  surface  area  of  spruce  and  pine 
foliage  from  displaced  volume  and  length,”  Can.  J.  For . 
Res.,  vol.  17,  pp.  1305-1308,  1987. 

[3]  J.W.  Harron  and  J.R.  Miller,  “An  alternative  methodology 
for  reflectance  and  transmittance  measurements  for  conifer 
needles,”  Proceed.,  Canadian  Rem.  Sens.  Symposium,  pp. 
654-661,  June  1995. 


[4]  E.M.  Middleton  and  E.  A.  Waiter-Shea,  “Optical  prope. 
of  canopy  elements  in  the  boreal  forest,”  Proceed.  1995 
International  Geoscience  and  Remote  Sensing  Symposiuh 
(IGARSS*95),  Library  of  Congress  No.  95-75916,  Firenze, 
Italy,  pp.  789-793,  July  1995. 

[5]  P.J.  Sellers,  et  al.,  “The  Boreal  Ecosystem- Atmosphere 
Study  (BOREAS):  An  overview  and  early  results  from  the 
1994  field  year,”  Bull.  Amer.  Meteorol.  Soc.,  vol.  76,  pp. 
1549-1577, 1995. 

[6]  P.J.  Sellers,  J.A.  Berry,  G.J.  Collatz,  C.B.  Field,  andF.G. 
Hall,  “Canopy  reflectance,  photosynthesis,  and 
transpiration.  III.  A  reanalysis  using  improved  leaf  models 
and  a  new  canopy  integration  scheme,”  Rem.  Sens. 
Environ.,  vol.  42,  pp.  1-30, 1992. 


Figure  1.  The  sample  holders  ^ire 
shown:  A)  jack  pine  needles,  witii 
the  round  aperture:  and  B)  black 
spruce  needles,  the  slitied 

aperture.  Light  sources  with  round 
and  oval  beams,  respectively,  and 
used  witli  these  two  sample  holder 
types. 


Figure  3.  The  measured 

transmittance  (T>.x)  spectra  obtained 
over  a  range  of  GF  (<50Co  for 
mature  pine  needles  is  ^hown.  T/,x 
for  dorsal  and  \-eniral  surfaces  were 
averged  here  and  in  subsequent 
figures. 


Figure  2.  Shown  are  the  changes  in  the  calculated  value  for  that  result 
from  uncertainty  in  the  accuracy  of  the  GF  determination.  Measurements 
were  originally  made  on  Jack  pine  needles  using  a  relatively  small  GF 
(0.06),  and  recalculated  using  GF  underestimates  of  5,  10,  and  20%  and  an 
overestimate  of  10%. 
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Figure  4.  Two  steps  is  Uic  correction  of  GF  on  Txx  lue  shown:  A)  tlie  Figure  5.  Seasonal  Tx  spectra  before  and  after  correction:  A)  jack  pine 

inverse  linejir  relationship  of  Txx  with  GF,  tbr  select  A;  and  B)  the  and  B)  black  Spruce, 

correction  factor,  cx^^^GF,  as  a  function  of  A,  for  a  range  of  GF  (<50^^0. 
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Abstract  -  -  This  paper  describes  the  first  steps  in  our  work 
towards  using  an  airborne  imaging  spectrometer  (AISA)  as  a 
source  of  information  in  an  operational,  large  area  forest  in¬ 
ventory  system.  The  necessary  properties  of  algorithms  for 
this  kind  of  task  are  discussed,  including  handling  of  the  atmo¬ 
spheric  effects.  An  algorithm  for  automatic  selection  of  spectral 
channels  for  estimation  of  forest  parameters  is  presented  and  it 
is  applied  to  AISA  data  from  Southern  Finland. 

INTRODUCTION 

The  National  Forest  Inventory  of  Finland  (NFI)  has  produced 
large-area  forest  resource  information  for  over  70  years  for 
management  planning  of  Finnish  forestry  and  forest  industries 
[1].  The  results  of  NFI  are  quantitative  and  qualitative  estimates 
of  different  forest  parameters.  Examples  of  these  parameters 
are  the  volume  of  wood  divided  into  different  groups  by  for¬ 
est  type,  tree  species,  and  wood  quality.  The  NFI  system  cur¬ 
rently  uses  a  systematic  grid  of  field  plots  over  the  whole  coun¬ 
try,  satellite  images  (Landsat  TM  and  Spot),  and  digital  map 
data. 

The  most  serious  problem  in  the  current  system  is  that  clouds 
often  prevent  obtaining  satellite  images  from  the  same  growing 
season  when  the  ground  measurements  have  been  made.  The 
users  would  also  like  to  get  more  up-to-date  information  than 
we  can  nowadays  provide.  These  reasons  have  prompted  us 
to  examine  airborne  optical  instruments.  An  airborne  imaging 
spectrometer,  the  AISA  instrument  [2],  was  designed  and  built 
in  Finland  during  the  recent  years  and  Metla  has  acquired  the 
first  pre-series  AISA  instrument  in  1995. 

Processing  data  from  large  forest  areas  poses  some  restric¬ 
tions  to  the  algorithms  being  used.  It  is  not  possible  to  make 
ground  measurements  simultaneously  with  the  flights  except  at 
a  very  small  number  of  sites.  This  means  that  the  atmospheric 
correction  methods  being  used  must  be  based  almost  solely  on 
the  airborne  data.  Another  alternative  being  studied  is  to  use 
spectral  features  that  are  invariant  to  changes  in  the  atmospheric 
conditions.  The  problem  is  complicated  even  more  by  the  de¬ 
sire  to  be  able  to  fly  during  cloudy  weather. 

Another  requirement  comes  from  the  large  amount  of  data 
collected  by  this  kind  of  a  system.  The  AISA  spectrometer  col¬ 
lects  500  kilobytes  of  data  per  second.  The  algorithms  used  in 
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analysing  this  data  must  not  be  too  complex.  Geolocating  of  the 
data  has  limited  accuracy  without  excessive  operator  workload. 
This  means  that,  even  if  most  individual  trees  can  be  seen  in  the 
data,  tree-level  analysis  can  be  done  only  locally. 

Two  test  flights  have  been  performed  during  Summer  1995 
with  our  AISA  instrument  to  test  the  instrument  and  to  collect 
data  for  algorithm  development.  Both  flight  were  successful 
and  showed  that  the  instrument  and  the  preprocessing  software 
for  the  data  operate  well.  Preliminary  plans  for  the  use  of  the 
instrument  in  NFI  have  been  made.  Before  making  more  de¬ 
tailed  plans,  the  limits  of  accuracy  in  estimation  of  the  forest  pa¬ 
rameters  have  to  be  found  out.  The  first  experiments  to  clarify 
this  concentrated  on  the  efficiency  of  spatially  averaged  spectral 
data  and  simple  texture  features.  Forest  stand  data  was  used  in 
the  experiments  instead  of  sample  plot  data  to  get  better  statis¬ 
tical  accuracy  with  limited  flight  effort. 

THE  ROLE  OF  AISA  IN  NFI 

The  role  of  the  AISA  instrument  in  the  NFI  system  must  be 
based  on  the  characteristics  of  AISA  data.  The  main  character¬ 
istics  of  the  AISA  spectrometer  are: 

•  can  collect  a  large  number  of  programmable  spectral  chan¬ 
nels  in  the  wavelength  range  450  -  900  nm, 

•  has  fairly  good  spatial  resolution  (pixel  dimensions  typi¬ 
cally  1-3  m),  and 

•  can  cover  larger  areas  than  field  crews  but  smaller  than 
satellite  images. 

In  the  current  NFT  system  the  field  plots  are  used  for  compu¬ 
tation  of  large  area  averages.  The  satellite  images  and  the  digital 
map  data  (e.g.,  arable  land,  built  areas,  roads,  digital  elevation 
model  when  applicable)  are  used  to  generalise  the  field  plot  data 
so  that  averages  for  smaller  regions  can  be  computed. 

In  this  framework  we  can  readily  see  two  possible  application 
possibilities.  Firstly,  the  AISA  data  can  be  used  to  update  the 
field  plot  data  between  the  times  the  field  crews  visit  the  plots 
(five  to  ten  years).  The  second  possibility  is  to  use  AISA  to  in¬ 
troduce  a  new  component  into  the  system.  One  possibility  is 
to  use  a  sparse,  line-wise  sampling  over  the  country.  Both  of 
these  methods  augment  the  use  of  field  measurements.  It  is  not 
reasonable  to  expect  that  any  airborne  or  satellite  data  can  com¬ 
pletely  replace  field  measurements. 
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Table  1 :  The  forest  parameters  available  in  the  forest  stand  data 
together  with  the  mean  values  of  the  continuous-valued  param¬ 
eters  in  the  test  data.  The  codes  are  used  in  Table  3. 


Parameter 

Code 

Mean 

Unit 

Land  use  class 

luc 

class 

Subclass  of  forestry  land 

scl 

class 

Site  fertility  class 

sfc 

class 

Soil  type 

St 

class 

Development  class 

dc 

class 

Age 

age 

52.6 

years 

Stem  volume 

Stv 

14.9 

m^ 

Stem  diameter 

std 

15.9 

cm 

Average  tree  height 

hgt 

13.3 

m 

Growth  in  m^ 

gro 

5.9 

m^/ha 

Volume  of  pine 

vp 

29.0 

m^/ha 

Volume  of  pine  saw  log 

vps 

10.1 

m^/ha 

Volume  of  spruce 

vs 

92.3 

m^/ha 

Volume  of  spruce  saw  log 

vss 

49.3 

m^/ha 

Volume  of  deciduous  trees 

vd 

20.7 

m^/ha 

Vol.  of  deciduous  tree  saw  log 

vds 

3.0 

m^/ha 

Total  volume 

vol 

142.0 

m^/ha 

Total  volume  of  saw  log 

VOS 

62.4 

m^/ha 

EXPERIMENTS  WITH  CHANNEL  SELECTION 
The  Material 

The  test  area  was  located  in  Southern  Finland  near  Mantsala. 
Forest  stand  data  was  available  for  this  area,  provided  by  the 
Uusimaa-Hame  Forestry  Board  and  updated  by  Metla  during 
years  1994  -  1995.  The  recently  clear  cut  areas  were  taken  out 
based  on  examination  of  the  AISA  data.  The  final  ground  data 
consisted  of  137  stands.  The  available  forest  parameters  are 
shown  in  Table  1 . 

Two  test  flights  were  carried  out  with  the  AISA  spectrome¬ 
ter  during  Summer  1995,  providing  over  five  gigabytes  of  raw 
data.  Three  different  altitudes  (1000  m,  1600  m,  and  2000  m) 
were  used  resulting  in  on-ground  pixel  dimensions  between  1  m 
and  2.5  m.  Several  different  programming  configurations  were 
tested,  including  both  spatial  and  spectral  mode  configurations. 
The  number  of  channels  selected  for  the  spatial  mode  configu¬ 
rations  varied  between  20  and  41.  The  data  used  in  this  paper 
was  collected  on  July  1 1  at  about  1  PM  from  2000  m  altitude. 
The  spectral  configuration  consisted  of  41  channels  (see  Fig.  1 
and  Table  2  for  the  assignment).  The  integration  time  was  50 
milliseconds. 

Two  flight  lines  were  used  to  cover  the  test  area  and  the  data 
was  rectified  onto  the  forest  stand  map.  Rectification  was  done 
with  the  software  from  VTT  [3],  with  small  modifications  from 
Metla.  A  differential  GPS  system  was  used  to  locate  the  in¬ 
strument  (aircraft)  during  flight.  The  software  used  this  data  to¬ 
gether  with  ground  control  points  shown  by  the  operator.  Based 


Figure  1 :  The  41  channels  used  in  this  study  along  with  a  typical 
spectrum  from  vegetation  sampled  in  the  spectral  mode  of  the 
AISA  spectrometer. 


Table  2:  The  placement  of  the  spectral  channels  in  this  experi¬ 
ment. 


nm 

nm 

nm 

1 

466.6  -  473,9 

15 

631.1  -  638.4 

29 

736.3  -741.0 

2 

484.2-491.5 

16 

642.8  -  650.2 

30 

741.0  -  745.7 

3 

501.8  -509.2 

17 

654.9  -  662.7 

31 

747.2-751.9 

4 

519.4-526.8 

18 

664.3  -672.1 

32 

751.9-756.6 

5 

538.5  -  545.9 

19 

672.1  -680.0 

33 

773.9  -  778.5 

6 

545.9  -  553.2 

20 

679.6  -  684.6 

34 

781.7-786.4 

7 

553.2  -  560.6 

21 

684.6  -  689.3 

35 

791.1  -795.8 

8 

560.6  -  567.9 

22 

689.3  -  694.0 

36 

800.5  -  805.2 

9 

567.9  -  575.3 

23 

694.0  -  698.7 

37 

816.1  -  820.8 

10 

575.3  -  582.6 

24 

698.7  -  703.4 

38 

841.1  -845.8 

11 

584.1  -591.4 

25 

703.4-708.1 

39 

853.7  -  858.4 

12 

595.8  -  603.2 

26 

708.1  -712.1 

40 

861.5  -  866.2 

13 

607.6  -  614.9 

27 

722.2  -  730.0 

41 

880.3  -  885.0 

14 

619.3  -  626.7 

28 

731.6-736.3 

Figure  2:  A  sample  of  the  image  data  together  with  the  forest 
stand  boundaries.  Wavelength  band  708.1  -  712.1  nm. 
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on  visual  inspection,  the  rectification  errors  seemed  to  be  belov^ 
five  meters.  To  remove  from  the  results  the  inaccuracy  caused 
by  the  rectification  errors,  a  two-pixel  (four  meter)  guard  zone 
was  used  around  the  forest  stand  boundaries.  An  example  of  the 
rectified  image  data  together  with  the  forest  stand  boundaries 
and  guard  zones  is  seen  in  Fig.  2. 

The  radiometric  correction  of  the  data  is  done  simultaneously 
with  geometric  correction  by  the  software  from  VTT.  The  ra¬ 
diometric  correction  transforms  the  digital  numbers  into  units 
of  radiance  as  “seen”  by  the  instrument.  Atmospheric  correc¬ 
tion  of  the  data  has  been  studied  but  no  algorithm  has  yet  been 
selected  for  operational  use. 

To  compare  the  results  with  a  commonly  known  method,  the 
same  experiments  were  performed  also  using  Landsat  TM-data 
(channels  1  -  6). 

The  Methods 

The  purpose  of  these  experiments  was  to  find  the  best  channel 
combinations  for  estimation/classification  of  the  different  forest 
parameters  shown  in  Table  1.  Both  learning  and  test  material 
were  from  the  same  flight  minimising  the  effects  of  changes  in 
atmosphere  and  illumination. 

Two  kinds  of  features  were  used  in  order  to  utilise  both  the 
spectral  and  spatial  aspects  of  the  data.  The  spectral  aspects 
were  represented  by  25  by  25  pixel  averages  for  each  spec¬ 
tral  channel.  The  averages  were  computed  by  using  only  pix¬ 
els  within  the  stand  containing  the  center  point  of  the  window. 
The  spatial  aspects  were  represented  by  local  standard  devia¬ 
tions  within  a  similar  window.  The  data  from  feature  analysis 
consisted  of  2920  pixels. 

An  automatic  algorithm  was  used  for  finding  the  best 
channel  combinations  and  the  best  channel  set  size.  The 
fidelity  criterion  was  minimisation  of  the  RMS  error  for  the 
continuous-valued  parameters  and  minimisation  of  the  number 
of  incorrect  classifications  for  the  classed  variables.  The 
algorithm  consisted  of  the  following  steps: 

1 .  Recursive  adding  of  a  new  channel  to  the  set  until  the  max¬ 
imum  size  is  reached  or  the  error  starts  to  increase. 

2.  Substitution  of  the  channels  one  by  one  until  no  changes 
occur.  Adding  channels  is  attempted  if  the  set  size  is  below 
the  maximum. 

3.  Substitution  with  wider  channels  up  to  a  predefined  max¬ 
imum  width  until  no  changes  occur.  Adding  channels  at¬ 
tempted  if  below  maximum  set  size.  Wider  channels  are 
formed  by  summing  adjacent  original  channels. 

4.  The  contribution  of  each  channel  was  determined  by  drop¬ 
ping  the  channel  out  of  the  channel  set. 

The  search  algorithm  does  not  guarantee  that  the  global  opti¬ 
mum  is  found  but,  on  the  other  hand,  no  assumptions  have  to 
be  made  about  the  data. 

This  kind  of  algorithm  is  practicable  with  current  computers 


if  the  test  material  is  not  too  large  and  the  classification  or  es¬ 
timation  algorithm  is  simple  enough.  The  K-nearest  neighbour 
(K-NN)  classifier  or  estimator  with  K  =  4  was  used  in  this  study. 

The  K-nearest  neighbour  classification  algorithm  is  as  fol¬ 
lows.  The  feature  space  distance  d*  ^  is  computed  between  the 
pixel  p  to  be  classified  and  each  pixel  i  in  the  training  mate¬ 
rial,  and  the  set  of  smallest  distances  {d(i)  ^  <  ....  <  p} 
is  determined.  The  Euclidean  distance  was  used  in  this  study. 
If  more  set  members  come  from  one  class  than  from  any  other 
class,  this  class  is  the  classification  result.  In  case  of  a  tie,  the 
class  corresponding  to  d(i)  p  is  selected. 

Estimation  with  the  K-nearest  neighbour  method  is  per¬ 
formed  in  the  following  way.  Define 


1 

d{i)^p 


K 


/E 


1 

d{i),p 


(1) 


The  estimate  rhp  of  the  variable  M  for  the  pixel  p  is  defined  by 
K 

=  ^  (2) 
j-i 

where  p,  j  =  1, are  the  values  of  the  variable  M  in 
the  K  closest  pixels  to  the  pixel  p  in  the  feature  space  [1]. 

Three  trials  were  made  for  each  channel  combination.  Two 
thirds  of  the  stands  were  used  as  learning  data  and  one  third  was 
used  as  test  data  in  each  trial. 

Classification  or  estimation  is  performed  separately  for  each 
feature  vector.  The  final  estimate  within  a  stand  is  computed 
as  median  of  the  estimates  for  the  pixels  within  the  stand.  The 
classification  results  are  decided  using  the  majority  rule. 


The  Results 


Selection  of  the  best  channel  combinations  has  been  tested 
with  the  AISA  data.  Table  3  summarises  the  results  obtained 
with  set  size  of  up  to  six  channels  and  maximum  width  of  three 
sampled  channels.  To  put  the  results  into  a  perspective,  one 
should  note  that  the  typical  error  of  the  total  volume  in  oper¬ 
ative  stand-level  field  inventory  is  about  30  m^/ha  [4]. 

The  results  show  that  AISA  data  gives  in  all  cases  but  one 
(subclass  of  forestry  land)  better  accuracy  than  TM  data.  The 
best  channel  combinations  for  the  different  parameters  are  dif¬ 
ferent,  as  was  expected.  The  optimal  number  of  channels  was 
nearly  always  smaller  than  six.  It  is  surprising  that  summed 
channels  are  not  selected  more  often.  The  reason  may  be  that 
the  radiometric  accuracy  of  the  AISA  data  is  quite  good  and 
summing  adjacent  channels  does  not  increase  the  accuracy  sig¬ 
nificantly. 

The  behaviour  of  the  error  versus  the  number  of  spectral 
channels  was  tested  by  selecting  fixed  number  of  channels  into 
the  set.  Table  4  shows  the  result  for  the  total  volume.  The  er¬ 
ror  does  not  seem  to  change  significantly  when  channels  are 
added.  In  this  case  the  estimation  error  with  exactly  six  chan- 
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Table  3 :  Results  from  the  experiment  were  the  best  combina¬ 
tion  of  up  to  six  channels  of  width  up  to  three  channels  was  de¬ 
termined.  The  channels  are  presented  in  the  order  of  decreasing 
importance  determined  by  step  4  of  the  optimisation  algorithm. 
The  channels  with  suffix  s  denote  the  standard  deviations  of  the 
corresponding  channels.  The  last  two  columns  give  the  estima¬ 
tion  error  or  percentage  of  incorrect  classifications  for  the  AIS  A 
data  and  the  reference  error  using  TM  data. 


Code 

Channels 

AISA 

TM 

luc 

25  52 

1.6 

2.1 

scl 

30s  16s  25  8  5  4 

26.2 

24.1 

sfc 

23  2s  22s  3s 

52.2 

52.7 

St 

25s  17  18 

54.3 

76.3 

dc 

22  16s-17s  12s 

74.0 

89.0 

age 

33-34  24s  17s- 18s  29  4  22s-23s 

24.1 

27.7 

stv 

6  1  20s  2s 

4.5 

7.1 

std 

7  31s  39s  40s  36s-37s 

7.0 

8.2 

hgt 

6  24s  Is 

5.1 

6.2 

gro 

18s-19s  5  4s  2  4  3s 

2.4 

3.5 

vp 

32s  30  41  22s  37  2s 

27.8 

36.4 

vps 

33s  28  33-34 

16.0 

20.1 

vs 

26  1  19  4s-5s  ls-2s  3-4 

36.9 

71.6 

vss 

26  24s  21  24  1 

30.6 

47.7 

vd 

28  13  14s  16s 

21.9 

31.7 

vds 

6s-8s  36s 

6.7 

8.5 

vol 

9  39-40 

42.4 

71.9 

VOS 

35  27s  30s 

36.2 

52.3 

nels  is  slightly  smaller  than  the  optimum  found  previously  for 
two  channels. 

Feature  vectors  normalised  to  unit  norm  were  also  tested  as 
feature  sets  invariant  to  changes  in  the  illumination  level.  The 
results  for  two  forest  parameters  are  shown  in  Table  5.  The 
number  of  channels  in  the  optimal  set  is  larger  when  using  nor¬ 
malised  vectors  but  the  estimation  error  was  at  the  same  level 
as  without  normalisation.  This  is  a  coarse  method  for  atmo¬ 
spheric  correction,  but  the  results  prove  that  good  results  can 
be  obtained  even  without  absolute  calibration  of  the  data. 

CONCLUSIONS 

The  studies  show  that  the  imaging  spectrometer  data  gives 
in  most  cases  much  better  accuracy  than  Landsat  TM  data  in 
estimation  of  forest  parameters.  The  optimal  performance  for 
each  task  was  reached  with  a  very  small  number  of  channels  and 
summed  channels  were  chosen  rarely.  The  good  results  with 
AISA  can  thus  not  be  attributed  to  the  use  of  a  large  number  of 
channels  simultaneously  but  to  the  radiometric  accuracy  and  the 
possibility  to  fine-tune  the  channel  placement.  Different  chan¬ 
nel  combinations  were  optimal  for  different  tasks.  The  ability 
to  sample  a  large  number  of  channels  simultaneously  gives  the 


Table  4:  Results  from  the  experiment  where  different  number 
of  channels  were  optimised  for  estimation  of  the  total  volume. 


Number  of 
channels 

Channels 

RMS  error 

1 

8 

44.7 

2 

9  39-40 

42.4 

3 

32  8  6 

42.2 

4 

32  39-40  10  7-8 

42.2 

5 

8  32  40-41  6  38-39 

42.6 

6 

32  8  10  9  41  39-40 

42.1 

Table  5:  The  best  channel  assignments  for  two  forest  parame¬ 
ters  when  normalised  vectors  were  used. 


Code 

Channels 

Error 

vp 

vol 

41  18  1  20  4  2 

5  1  18s  13s  3s  21s 

26.9 

45.9 

opportunity  to  collect  optimal  information  for  several  tasks  si¬ 
multaneously. 

The  normalised  feature  vectors  gave  good  results.  This 
means  that  handling  the  atmospheric  correction  can  be  based  on 
using  relative  spectral  features.  However,  the  features  should 
take  into  account  what  is  known  about  the  relative  changes  in 
different  spectral  bands  in  varying  atmospheric  conditions. 

This  channel  selection  study  was  only  the  first  step  in  our 
search  for  the  most  efficient  features  from  AISA  data.  The  next 
step  will  be  studying  of  different  functions  of  the  sampled  spec¬ 
tral  channels  and  utilisation  of  the  spatial  features  tuned  towards 
analysis  of  the  forests. 
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Abstract — Calibration  of  solar  radiometers  is  generally 
accomplished  by  the  Langley  plot  method;  however,  slight 
temporal  variations  in  optical  depth  can  significantly  bias 
zero-airmass  intercepts  thus  derived.  This  paper  presents 
signal  processing  techniques  for  improving  the  Langley 
analysis  under  temporally  varying  conditions,  as  well  as 
better  characterizing  the  variability  itself.  These  tech¬ 
niques  include  spectral  analysis  of  the  data  to  identify 
systematic  atmospheric  variations  and  distinguish  them 
from  measurement  noise,  and  exploitation  of  the  correla¬ 
tion  between  measurements  at  different  wavelengths  and 
on  different  days.  The  processing  is  applied  to  data  from 
an  automated  10-channel  radiometer. 

1.  BACKGROUND 

The  response  of  a  solar  radiometer  to  direct  sunlight 
of  wavelength  A,  seen  at  time  t  through  an  atmosphere 
of  airmass  m{t)  and  optical  depth  T(A,t),  on  a  day  with 
earth-sun  distance  R,  is  given  by  Beer’s  Law: 

Vi\,  t)  =  (Ro/Rf  (1) 


correlation  between  curves  of  optical  depth  vs,  time  for 
different  wavelengths  on  the  same  day  (Section  3),  and  be¬ 
tween  curves  of  intercept  vs.  wavelength  for  different  days 
(Section  4).  Before  using  these  techniques,  however,  we 
attempt  (Section  2)  to  remove  measurement  noise  so  that 
the  curves  we  correlate  represent  only  true  atmospheric 
variations,  using  a  filter  derived  by  spectral  analysis. 

2.  SPECTRAL  ANALYSIS  OF  OPTICAL  DEPTHS 

Under  the  old  Langley-plot  assumption  of  constant  op¬ 
tical  depth,  all  temporal  variations  were  considered  noise 
to  be  removed.  A  more  modern  viewpoint  is  that  both  the 
noise  and  the  underlying  signal  have  random  variations, 
but  can  be  distinguished  by  their  spectral  densities.  It  is 
well  known  that  many  natural  processes  exhibit  fractal, 
or  scale-invariant,  characteristics  [1].  Specifically,  many 
one-dimensional  (temporal  or  spatial)  series  generated  by 
natural  phenomena  have  power  spectra  of  the  form 


where  Vb(A)  is  the  instrument’s  response  to  the  irradiance 
at  the  top  of  the  atmosphere  (zero  airmass)  for  the  mean 
earth-sun  distance  Rq^  If  Vo  (A)  is  known,  optical  depths 
can  be  found  as 


r(A,t) 


(0  yo:^w 


■In 


(2) 


where  Uoj  (^)  =  {Ro/R)^Vo{\)  for  day  j.  Voj{X)  is  usu¬ 
ally  found  by  the  Langley  method,  in  which  a  line  is  fit 
to  a  plot  of  lnU(A,t)  vs.  m{i).  If  r(A,t)  is  constant  over 
time,  it  will  equal  the  negative  slope  of  the  line,  and  the 
vertical-axis  intercept  (Le.,  m(i)  =  0)  will  be  lnUo*j(^)- 
Temporal  variations  of  the  apparent  r(A,f)  due  to  zero- 
mean  white  measurement  noise  should  average  out,  and 
the  calculated  ^o,i  (A)  will  still  be  valid.  Systematic  varia¬ 
tions,  however,  reflecting  actual  atmospheric  changes  dur¬ 
ing  the  2-  to  3-hour  measurement  period,  can  yield  inaccu¬ 
rate  zero-airmass  intercepts.  To  minimize  this  inaccuracy, 
measurements  are  made  at  clean,  high- altitude  sites,  and 
the  resulting  intercepts  averaged  for  several  “good”  days, 
with  “good”  defined  rather  subjectively. 

Our  goal  in  this  paper  is  to  remove  some  of  the  sub¬ 
jectivity  from  the  calibration  process,  and  to  broaden  the 
class  of  days  which  are  useful  for  calibration.  We  uti¬ 
lize  new  signal  processing  techniques  which  exploit  the 

*This  work  was  sponsored  by  NASA  Global  Change  Research 
Fellowship  No.  NGT-30215 


where  y  typically  varies  between  -1  and  3.  We  assume 
that  the  temporal  variations  of  optical  depth  can  be  well 
modelled  as  having  such  a  power  spectrum. 

For  such  signals,  known  as  1//  processes,  Wornell  [2] 
has  shown  that  orthonormal-basis  discrete  wavelet  trans¬ 
forms  act  as  Karhunen-Loeve-type  expansions,  in  the 
sense  that  the  wavelet  coefficients  are  nearly  uncorrelated. 
When  a  1//  signal  x{i)  is  corrupted  by  additive  station¬ 
ary  white  Gaussian  noise  w(t)^  a  set  of  wavelet  coefficients 
of  r{t)  —  x(t)  -h  w{i)^  denoted 

{C  =  =  (4) 

has  for  any  fixed  scale  m  a  variance  of  the  form 

=  (5) 

where  P  =  2^ .  An  algorithm  is  developed  in  [2]  for  find¬ 
ing  maximum  likelihood  estimates  of  /?,  cr^,  and  Fur¬ 
thermore,  a  Wiener-type  smoothing  filter  can  be  effected 
by  multiplying  the  wavelet  coefficients  by  the  fac¬ 
tor  j3~‘^  f  (T^  and  then  performing  the  inverse  wavelet 
transform  to  obtain  the  optimal  estimate  of  x{t). 

We  have  applied  this  technique  to  eight  sets  of  Langley- 
derived  residual  optical  depths  (Le.,  zero-mean  signals 
found  by  subtracting  the  mean  from  the  instantaneous 
optical  depths)  from  Tucson  in  April  1995.  Included 
were  four  morning  runs  and  four  afternoons,  with  sub¬ 
jective  Langley-plot  day-quality  assessments  ranging  from 
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Table  1:  Spectral  parameters  for  April  22,  1995. 


Wavelength 

7 

380  nm 

3.08 

2.61  X  10-^ 

7.92  X  10”* 

1.62 

400  nm 

3.14 

2.44  X  10”* 

1.80  X  10”® 

1.65 

440  nm 

3.27 

2.09  X  10”* 

1.24  X  10”® 

1.71 

520  nm 

2.59 

2.28  X  10”® 

1.09  X  10”® 

1.37 

670  nm 

2.56 

7.05  X  10”^ 

5.17  X  10”* 

1,36 

780  nm 

2.37 

7.08  X  10”^ 

1.20  X  10"® 

1.24 

870  nm 

2.74 

8.25  X  10”'* 

1.31  X  10”® 

1.45 

1030  nm 

1.94 

2.35  X  10”* 

1.08  X  10”® 

0.96 

‘‘good”  to  “poor.”  Three  of  the  data  sets  had  been  col¬ 
lected  at  a  rate  of  one  measurement  every  10  seconds. 
Truncating  the  number  of  measurements  to  a  power  of  2 
(as  required  for  the  algorithm)  gave  us  1024  data  points. 
The  other  five  records  contained  only  one  measurement 
per  minute,  so  we  had  to  limit  their  length  to  128  points. 
(This  still  covered  the  desired  airmass  range  but  limited 
the  high-frequency  resolution.) 

This  technique's  effectiveness  is  largely  independent  of 
the  specific  choice  of  wavelet  basis;  we  selected  the  6th 
order  Daubechies  basis  [3].  The  resulting  /?’s  for  the  high- 
data-rate  days  generally  fell  in  a  range  of  1.8  <  /?  <  4.0,  as 
shown  in  Table  1.  Fig.  1  shows  a  typical  residual  optical 
depth  curve  before  and  after  optimal  smoothing. 

3.  EXPLOITING  OPTICAL  DEPTH 
CORRELATIONS  BETWEEN  WAVELENGTHS 

Forgan  [4]  has  developed  a  technique  for  calibrating 
multi-channel  radiometers  which  uses  the  calibration  at  a 
reference  wavelength  (assumed  correct)  to  derive  the  cali¬ 
bration  at  a  second  wavelength.  The  assumption  inherent 
in  this  method  is  that  the  same  form  of  temporal  variation 
applies,  with  appropriate  scaling,  to  the  aerosol  optical 
depths  at  all  wavelengths,  so  that  for  any  two  wavelengths 
Ai  and  A2,  the  ratio 


Ta(Ai,<) 


^2,1 


(6) 


is  a  constant,  independent  of  This  assumption,  while 
not  always  obeyed  in  reality,  is  often  a  reasonable  approxi¬ 
mation  and  is  certainly  more  general  than  the  assumption 
inherent  in  the  Langley  model. 

The  method  is  similar  to  the  Langley  plot  method,  but 
the  Rayleigh  and  gaseous  optical  depths  {tr  and  Tg)  are 
absorbed  into  the  ordinate,  and  the  aerosol  optical  depth 
(Ta)  at  the  reference  wavelength  is  absorbed  into  the  ab¬ 
scissa.  Thus,  if  the  reference  wavelength  is  Af* ,  the  equa¬ 
tion  of  the  “Forgan  plot”  for  wavelength  A*  is 


In  V( Ai ,  t)  -h  mR{t)TR{Xi ,t) rUg (t)r^ (A^ ,t)  = 

InVoj(Ai)  “^i*,i[ma(t)ra(Ai*,t)]  (7) 

and  we  fit  a  straight  line  to  the  data  points  to  get  the 
slope  and  the  intercept  lnVo*j(Ai). 


Fig.  1:  Residual  optical  depths  at  870  nm  on  April  22, 
1995.  (a)  Before  smoothing;  (b)  After  smoothing. 


Significant  gaseous  absorption  occurs  at  several  of  our 
wavelengths.  Since  our  present  interest  is  primarily 
aerosols,  we  omitted  from  our  analysis  the  two  channels 
of  our  lO-channel  instrumert  which  exhibit  the  strongest 
absorption:  610  nm  (ozonej  and  940  nm  (water  vapor). 
For  the  other  absorbing  wavelengths,  Tg  is  small  enough 
that  nominal  levels  of  ozone  and  NO2  can  be  used. 

Since  we  are  trying  to  simultaneously  calibrate  all  chan¬ 
nels  of  our  radiometer,  we  do  not  have  an  a  priori  well- 
calibrated  reference  channel.  Rather,  we  have  performed 
the  Forgan  analysis  using  every  wavelength  as  a  reference 
channel,  the  initial  ra(Aj*,t)  estimates  being  those  found 
by  Langley  analysis.  A  weighted  average  of  the  results 
was  then  computed.  Weights  were  assigned  to  each 
pair  of  channels,  based  on  the  relative  correlation  between 
their  residual  optical  depth  curves. 

At  any  given  wavelength  on  any  given  day,  the  Forgan 
plot  intercepts  found  using  the  various  other  channels  as 
references  typically  agree  within  0.5%.  Undoubtably  this 
success  is  partly  due  to  the  removal  of  uncorrelated  noise 
from  the  optical  depth  signals.  Indeed,  visual  inspection 
of  the  filtered  residuals  shows  nearly  identical  plots  for 
some  pairs  of  channels.  Unfortunately,  the  discrepancy 
between  results  for  different  days  is  nearly  as  large  as  it 
is  with  ordinary  Langley  analysis.  In  the  next  section,  we 
introduce  a  technique  to  handle  this  phenomenon. 

4.  EXPLOITING  INTERCEPT  CORRELATIONS 
BETWEEN  DAYS 

It  has  often  been  observed  that  the  day-to-day  varia¬ 
tions  of  the  computed  Voj(A)  (normalized  to  the  mean 
earth-sun  distance)  are  similar  at  all  wavelengths.  Thus, 
although  plots  of  intercept  vs.  wavelength  should  be  iden¬ 
tical  on  every  day,  a  reasonable  first  approximation  is  that 
they  have  similar  shapes  on  every  day.  This  suggests  a 
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way  to  correct  erroneous  intercepts  that  may  be  found  for 
a  few  wavelengths  on  a  few  days. 

The  plot  of  Vbj*(A)  vs.  A  for  some  day  j*  can  be  ap¬ 
proximated  by  a  scaled  version  of  the  plot  from  a  different 
day  j.  The  scaling  factor  Cj*j  is  adjusted  to  give  the  best 
fit  in  a  least  squares  sense,  i.e.  to  minimize  the  error 


i=l  ^ 


Vqj  *  ( A^ )  —  Cj  *  j  Vq  j-  (At ) 

Vo,i*(AO 


(8) 


where  Nx  is  the  number  of  wavelengths  (in  our  case,  8). 
We  find  that 


(9) 


We  did  this  for  each  day  j*  and  took  a  weighted  average 
of  the  approximations  found  from  all  the  other  days  j  in 
the  set.  (Again,  we  used  eight  days  from  April  1995.) 
The  weights  aj  were  based  on  both  the  subjective  day- 
quality  factors  previously  used  in  averaging  Langley  plot 
results,  and  on  the  sum  of  all  the  assigned  to  day 
j  in  the  previous  section,  as  a  general  indicator  of  how 
well-correlated  the  measurements  were  for  that  day. 

Note  that  this  procedure  does  not  compute  a  single  set 
of  intercepts  for  the  instrument,  but  rather  removes  the 
effect  of  a  faulty  channel  on  one  or  a  few  of  the  days. 
The  resulting  approximated  curves  all  have  very  nearly 
the  same  shape,  but  are  shifted  up  and  down  relative  to 
each  other.  One  still  must  do  another  step  of  averaging 
over  days  to  derive  the  desired  product,  a  single  set  of 
calibration  intercepts. 


5.  OVERALL  PROCESSING  SCHEME 

The  processing  scheme  illustrated  in  Figure  2  combines 
the  three  techniques  described  in  this  paper.  The  blocks 
shown  as  “Langley  plot”  and  “Beer’s  law”  are  nearly  in¬ 
verse  transformations  to  each  other;  if  results  from  a  Lan¬ 
gley  plot  are  plugged  into  Beer’s  law  without  modification 
in  the  “intercept /optical  depth”  domain,  the  original  data 
are  returned.  (The  same  is  not  necessarily  true  going  from 
the  “intercept/optical  depth”  domain  to  the  “measure¬ 
ment”  domain  and  back.)  Our  scheme  executes  this  pair 
of  transformations  twice  per  iteration.  The  first  time,  the 
optical  depths  are  modified  by  optimally  filtering  before 
transforming  back.  The  second  time,  the  intercepts  are 
replaced  using  the  methods  of  the  previous  two  sections. 

Although  Figure  2  suggests  that  this  entire  scheme  can 
be  iterated,  it  appears  to  reach  a  point  of  diminishing 
returns  after  just  two  iterations.  By  the  second  round  of 
spectral  estimation,  some  of  the  /?’s  are  significantly  larger 
than  the  first  time  (sometimes  >  2^),  and  the  tr^’s  tend 
to  be  at  least  2  orders  of  magnitude  smaller,  indicating 
that  very  little  noise  remains  to  be  removed  in  further 
iterations.  The  weights  only  change  a  few  percent 
from  the  first  iteration  to  the  second,  and  the  intercept 


Fig.  2:  Radiometer  calibration  scheme  incorporating  all 
techniques  described  in  this  paper. 


vs.  wavelength  curves  for  all  days  have  visually  identical 
shapes  after  two  iterations. 

6.  CONCLUSIONS  AND  FUTURE  WORK 

The  general  theme  that  the  techniques  in  this  paper 
have  in  common  is  that  the  quantities  of  interest  in  solar 
radiometry  are  not  all  independent,  but  exhibit  correla¬ 
tions  which  we  can  exploit  during  data  processing  in  or¬ 
der  to  improve  our  estimation  of  those  quantities.  Indeed, 
most  calibration  schemes  assume  some  such  correlations, 
and  adjust  certain  parameters  to  minimize  a  measure  of 
how  well  the  estimated  quantities  obey  those  assumptions. 
The  trick  is  to  find  the  “right”  measure,  or  the  right  bal¬ 
ance  between  a  number  of  measures  which  may  not  be 
consistent.  Correlation  coefficients  between  residual  op¬ 
tical  depth  curves  seem  to  be  useful  measures;  further 
analysis  of  the  spectral  and  fractal  properties  of  optical 
depth  variations  may  provide  additional  ones.  The  ad¬ 
dition  of  a  solar  aureole  channel  to  our  instrument  will 
also  provide  more  information  with  which  to  enhance  the 
procedures  discussed  herein. 
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Abstract — The  mid-infrared  spectral  region  (8-14  fim 
wavelength)  is  emerging  as  a  viable  geologic  remote  sens¬ 
ing  tool  due  to  the  presence  of  reststrahlen  bands  for 
minerals  such  as  silicates  and  carbonates.  An  experimen¬ 
tal  study  was  carried  out  to  characterize  the  mid-infrared 
laser  reflectance  of  mineral  mixtures,  and  to  explore  the 
potential  of  laser  remote  sensing  systems  to  estimate  min¬ 
eral  abundances  in  two-component  mixtures.  An  empir¬ 
ical  model  was  developed  to  establish  a  relationship  be¬ 
tween  laser  reflectance  ratios  at  judiciously  selected  wave¬ 
lengths  and  percentage  of  one  of  the  minerals  in  the  mix¬ 
ture.  It  was  found  that  the  abundances  can  be  estimated 
to  within2%  using  this  technique.  This  method  shows 
promise  for  remote  estimation  of  mineral  abundances  in 
applications  such  as  planetary  remote  sensing  since  the 
use  of  reflectance  ratios  obviates  the  need  for  absolute 
calibration. 


INTRODUCTION 

Laser  reflectance  sensors  operating  in  the  backscatter 
mode  are  ideally  suited  for  remote  sensing  applications 
over  conventional  spectroradiometers  due  to  their  higher 
signal-to-noise  ratios  and  ease  of  data  acquisition.  Al¬ 
though  pure  and  uncontaminated  minerals  possess  unique 
reflectance  features,  rocks  usually  occur  as  mixtures  con¬ 
taining  two  or  more  constituents  in  their  natural  environ¬ 
ment.  There  is  a  need,  therefore,  to  develop  techniques 
not  only  to  identify  specific  minerals,  but  also  to  estimate 
their  relative  abundances  in  mineral  mixtures.  A  recent 
study  was  performed  using  passive  reflectance  values  of 
various  mineral  mixtures  [1].  The  objective  of  our  study 
was  to  explore  the  potential  of  laser  remote  sensing  for  re¬ 
mote  estimation  of  mineral  abundances  in  mixtures,  and 
to  compare  our  results  with  the  passive  measurements. 

In  this  paper,  we  describe  the  University  of  Nebraska’s 
unique  mid-infrared  laser  reflectance  sensor  that  has  been 
used  both  in  the  laboratory  and  the  field  for  data  col¬ 
lection  from  a  variety  of  surfaces.  This  sensor  was  used 
to  collect  calibrated  reflectance  data  in  the  laboratory 
from  two-component  mineral  mixtures  (quartz/albite, 
quartz/ microcline,  quartz/hornblende)  under  various  rel¬ 
ative  abundances,  including  each  mineral  by  itself.  We 
also  develop  a  simple  empirical  model  based  on  the  re¬ 
lationship  between  laser  reflectance  ratios  at  judiciously 
selected  wavelengths  and  percentage  of  one  of  the  minerals 
in  the  mixture. 
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EXPERIMENTAL  SETUP 

The  laser  reflectance  sensor  used  in  the  experiments  is 
described  in  detail  in  [2],  and  its  block  diagram  is  shown 
in  Fig.  1.  It  consists  of  a  line-tunable  laser  that  operates 
in  the  9-11  fim  wavelength  range  with  an  output  power  of 
about  5  W.  The  receiver  consists  of  a  lens-detector  com¬ 
bination,  followed  by  a  matched  preamplifier  and  a  lock- 
in  amplifier.  Both  co-polarized  as  well  as  cross-polarized 
backscatter ed  energy  can  be  measured.  The  entire  opti¬ 
cal  system  is  packaged  in  a  box  of  approximate  dimensions 
104  cm  X  38  cm  x  22  cm. 

Reflectance  measurements  were  made  at  12  wavelengths 
as  indicated  in  Table  1.  Incidence  angles  used  were  0 
and  30  degrees.  Both  co-polarized  and  cross-polarized 
backscatter  measurements  were  made.  The  mineral  sam¬ 
ples  used  were  quartz,  albite,  hornblende,  and  microcline. 
These  samples  were  the  same  as  those  investigated  in  [1]. 
The  samples  were  powdered  and  prepared  as  far  as  pos¬ 
sible  to  conform  to  that  in  [1].  The  particle  sizes  were 
in  the  range  75-250  /xm  range,  in  order  to  ensure  that 
the  powder  reflectance  closely  mimicked  that  of  the  nat¬ 
urally  rough  rock  surface.  Two-component  mineral  mix¬ 
tures  were  formed  using  quartz  as  one  constituent  in  all  of 
them.  Component  percentages  (by  volume)  investigated 
were  0/100,  25/75,  50/50,  75/25,  and  100/0.  The  samples 
were  placed  in  a  15-cm  diameter  Petri  dish.  Speckle  av¬ 
eraging  was  performed  by  averaging  50  measurements  of 
the  reflectivity  as  the  mineral  sample  was  rotated  during 
the  measurement.  Calibration  was  accomplished  using  a 
Labsphere  Reflectance  Standard  of  94%  reflectivity. 


EMPIRICAL  MODEL 


The  model  assumes  that  the  reflectance  ratio,  i.e.,  the 
ratio  of  the  mineral- mixture  reflectances  at  any  two  wave¬ 
lengths  is  a  volume- weighted  function  of  its  constituents. 
The  functional  form  of  the  first-order  model  is  given  by 


Ri2  = 


P{^2) 


—  Ao  +  Aix 


(1) 


where  R12  is  the  reflectance  ratio,  p{Xi)  is  the  reflectance 
at  wavelength  Aj,  x  is  the  percentage  of  mineral  1,  and  Aq 
and  Ai  are  empirically  derived  constants.  For  the  second- 
order  model,  we  add  a  quadratic  term  whose  coefficient  is 
A2 .  This  model  is 


Ri2  = 


p(Ai) 

^(^2) 


—  Aq  -j-  AiX  H"  A2X^ 


(2) 
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The  constants  Aq  —  A2  are  obtained  by  best-fits  to  mea¬ 
sured  data.  The  choice  of  wavelengths  Ai  and  A2  is  crucial 
in  obtaining  optimal  fits  to  data.  Ideally,  the  wavelengths 
must  be  chosen  so  as  to  provide  a  large  slope  between  the 
reflectance  ratio  and  the  mineral  abundance. 

RESULTS  AND  DISCUSSION 

From  the  large  data  set  acquired,  it  was  determined 
that  the  relationship  between  mineral  abundances  and  re¬ 
flectance  ratios  at  judiciously  selected  wavelengths  could 
be  fitted  by  both  the  first-order  and  the  second-order 
models  described  above.  As  expected,  the  second-order 
model  fit  had  lower  RMS  error.  Furthermore,  it  was 
determined  that  ratios  derived  from  the  co-polarized  re¬ 
flectance  values  at  30  degree  incidence  angle  gave  the  min¬ 
imum  errors. 

The  spectral  characteristics  of  quartz-microcline  mix¬ 
tures  is  shown  in  Fig.  2.  Since  100%  quartz  has  a  peak 
near  9.283  fim  where  microcline  has  a  trough,  and  100% 
microcline  has  a  peak  near  10.319  fim  where  quartz  has  a 
trough,  it  was  conjectured  that  this  ratio  would  be  useful 
in  estimating  the  abundance  of  microcline  in  a  qaurtz- 
microcline  mixture.  Fig.  3  shows  the  relationship  be¬ 
tween  the  reflectance  ratio  and  microcline  abundance  and 
compares  the  data  with  the  model  fits.  As  expected,  the 
second-order  fit  is  seen  to  be  better.  It  was  observed  that 
the  error  between  the  fit  and  the  data  was  0.95%  for  the 
first-order  and  0.23%  for  the  second-order  fits. 

Similar  results  were  obtained  for  quartz/albite  and 
quartz/  hornblende  mixtures,  and  these  results  are  shown 
in  Table  II. 


Figure  1:  Block  diagram  of  the  mid-infrared  laser  re¬ 
flectance  sensor 


CONCLUSIONS 

Our  study  indicates  that  laser  reflectance  ratios  in  the 
mid-infrared  can  be  used  as  a  tool  for  remote  estimation 
of  mineral  abundances  in  two-component  mixtures.  This 
shows  its  potential  in  planetary  remote  sensing  applica¬ 
tions  wherein  absolute  calibration  is  not  feasible.  More 
work  is  needed  to  characterize  other  mineral  mixtures, 
and  also  multi-component  mixtures. 
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TABLE  I 


WAVELENGTHS  USED(/im) 
9.2010 
9.2500 
9.2825 
9.5195 
9.5690 
9.6395 
10.1825 
10.2470 
10.3190 
10.4945 
10.5915 
10.6325 
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table  II  Figure  3:  First  and  second  order  model  fits  to  measured 

RMS  ERRORS  IN  ABUNDANCE  ESTIMATION  reflectance  ratios  for  quartz/microcline  mixture 


MIXTURE 

WAVELENGTH  RATIO 

ORDER 

RMS  ERROR 

QUARTZ/ 

MI CROCLINE 

9.2825/10.319 

FIRST 

0.95% 

SECOND 

0.23% 

QUARTZ/ 

ALBITE 

9.2825/10.495 

FIRST 

2.58% 

SECOND 

0.95% 

QUARTZ/ 

HORNBLENDE 

9.2825/10.183 

FIRST 

2.44% 

QUARTZ/ 

HORNBLENDE 


9.2825/10.183 


SECOND 


1.84% 
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ABSTRACT 

We  have  extended  the  previously  developed  adaptive 
transform  coding  based  multispectral  algorithm  for  the 
lossless  /  virtually  lossless  case.  Preliminary  results  are 
encouraging  compared  with  traditional  lossless 
implementation.  The  primary  technical  challenge  is  to 
compensate  for  the  quantization  errors  introduced  in 
processing  the  high  dynamic  range  eigen  images. 

INTRODUCTION 

The  requirement  for  accurate  exploitation  of 
multispectral  images  introduces  the  demanding,  yet 
accepted,  constraint  of  not  permitting  the  usual  small 
degradation  associated  with  lossy  techniques.  Since  the 
sensor-relevant  platforms  are  in  space  and  the  image 
collection  is  expensive  and  not  easily  repeatable,  the  use 
of  conventional  lossless  techniques  are  the 
implementation  choice  of  the  user  community.  The 
lossless  implementation  introduces  a  severe  limitation  on 
compression  performance.  In  particular,  a  compression 
ratio  of  approximately  2:1  is  typical  performance  for  a 
lossless  system.  Most  algorithms  operating  on  individual 
spectral  planes  do  not  significantly  outperform  this  basic 
limit.  In  fact,  the  compression  ratio  associated  with  a 
lossless  compression  system  is  more  dependent  on  the 
quality  of  the  source  image  -  which  in  turn  determined  by 
the  appropriate  sensor  system  -  than  the  algorithm  itself. 

It  is  reasonable  to  assume  that  one  approach  to  achieve 
additional  compression  performance  is  to  include  the 
spectral  direction  as  part  of  the  overall  algorithm  design. 
In  an  earlier  study,  the  authors  considered  a  lossy 
adaptive  multispectral  system  designated  'Terrain- 
Adaptive  Transform  Coding  Algorithm,"  TATCA  [1]. 
This  system  has  proven  to  be  effective  with  a  wide 
variety  of  multispectral  imagery.  In  this  paper,  we  are 
discussing  the  extension  of  this  algorithm  to  the  lossless 
and  near  lossless  application. 
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BACKGROUND 

The  TATCA  algorithm  uses  an  adaptive  Karhunen-Loeve 
transformation  over  modest  regions  (terrains)  of  the 
image.  The  typical  region  is  over  64  by  64  pixels.  The 
decorrelated  "eigen"  images  become  the  subsequent 
inputs  to  the  coding  algorithm.  For  the  previously 
implemented  lossy  compression  algorithm,  the  baseline 
JPEG  was  utilized.  The  basic  processing  steps  of  the 
algorithm  are  shown  in  fig.  1 . 

EXTENSION  OF  THE  ALGORITHM  TO  THE 
"LOSSLESS'.CASE 

Extension  of  the  algorithm  to  the  lossless  case  introduces 
several  challenging  implementation  issues  which  are  the 
subject  of  the  current  study.  The  original  TATCA  system 
was  lossy;  the  primary  component  of  the  introduced  error 
was  the  result  of  the  JPEG  processing  step.  It  appears 
reasonable  to  assume  that  by  replacing  the  lossy 
component  by  its  lossless  equivalent,  the  system  becomes 
lossless.  In  principle,  Karhunen-Loeve  transformation 
introduces  no  error.  This  transformation  is  implemented 
by  a  well  behaved  orthogonal  matrix  operation  which  has 
a  well  defined  inverse.  The  spectrally  decorrelated 
"eigen"  images  are  produced  by  the  forward  transform. 
The  application  of  the  inverse  transform  on  the  eigen 
images  should  produce  the  original  multispectral  image 
set  exactly.  Clearly,  if  this  is  the  case,  a  lossless 
algorithm  operating  on  the  eigen  image  set  will  produce 
an  overall  lossless  algorithm.  Furthermore,  since  the 
entire  compression  process  is  based  on  the  spectral  as 
well  as  spatial  redundancy,  the  compression  efficiency 
should  be  superior  to  algorithm  which  utilize  only  the 
intra-image  redundancy. 

In  a  practical  implementation,  the  eigen  images  require 
quantization.  The  required  amplitude  quantization 
process  introduces  a  certain  error  component  which, 
while  insignificant  for  the  lossy  case,  becomes  the 
dominant  source  of  error  in  what  would  have  been  a  truly 
lossless  implementation. 
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Without  the  introduction  of  modifications  to  the 
described  process  or  allowing  for  subsequent 
compensation,  the  revised  TATCA  system  with  lossless 
component  becomes  "virtually"  lossless  but  not  lossless. 
To  achieve  a  completely  lossless  implementation  the 
following  approaches  may  be  pursued: 

1.  Systematic  eisen  imase  plane  optimization. 

In  the  subsequent  examples,  similarly  to  the  lossy 
implementation,  we  have  requantized  the  eigen 
images  to  8  bpp.  While  this  approach  produces 
excellent  results  for  the  lossy  system,  it  is  not 
optimum  for  the  lossless  case.  An  exhaustive 
optimization  procedure  to  identify  the  proper 
quantization  procedure  for  the  individual  eigen 
images  subject  to  the  constraint  to  simultaneously 
minimize,  both  the  quantization  error  impact  and 
the  compression  rate  is  a  formidable  challenge.  It 
has  not,  however,  been  addressed  in  our  current 
study. 

2.  Compensation  for  eisen  imase  quantization. 


An  alternate,  also  suboptimal  approach,  is  to 
compensate  for  the  negligible,  but  finite,  error 
introduced  by  the  eigen  image  requantization.  It  is 
assumed  that  the  bandwidth  required  to  produce  a 
truly  lossless  representation  from  the  virtually 
lossless  case  is  reasonable.  Again,  the 
experimental  details  are  the  subject  of  future 
studies. 

EXPERIMENTAL  RESULTS 

We  have  performed  various  experiment  using  the  TIROS 
5  band  multispectral  imagery.  The  purpose  is  to 
demonstrate  the  benefit  of  utilizing  the  additional  spectral 
decorrelation  compared  with  processing  the  individual 
spectral  planes.  Fig  2  illustrates  the  impact  of  spectral 
decorrelation  by  showing  the  five  original  images  and  the 
five  eigen  planes.  Although  only  five  planes  are  utilized, 
the  first  eigen  image  dominates  the  set.  The  additional 
planes  showing  decreasing  "energy"  content. 


The  experiments  with  the  lossless  systems  are 
demonstrated  in  fig  3.  The  first  two  bars  refer  to  generic 
lossless  techniques  (GNU  gzip,  UNIX  compress)  and  the 
third  bar  indicates  the  "standard"  lossless  JPEG 
implementation.  The  last  bar  represents  implementation 
of  the  adaptive  multispectral  compression  algorithm 
utilizing  the  lossless  JPEG.  No  correction  was  made  for 
the  eigen  image  quantization.  It  should  be  further  noted 
that  compression  factor  relates  to  the  spectral 
components  for  the  first  three  cases.  For  the  multispectral 
case,  the  result  refers  to  the  eigen  images.  The  overall 
result  is,  however,  the  same  whether  the  averaging  is  over 
the  spectral  components  or  the  eigen  images. 

One  can  make  the  following  qualitative  assessments:  The 
lossless  JPEG  outperforms  the  generic  techniques  for 
each  spectral  component.  The  overall  efficiency  of  the 
multispectral  technique  produces  over  20%  additional 
efficiency  improvement.  Note,  the  first  two  eigen  images 
require  additional  bits,  which  are  more  than  compensated 
by  relevant  efficiency  in  processing  the  remaining  three 
eigen  images.  Fig.3  illustrates  the  quantitative  details. 

CONCLUSIONS 

Preliminary  experiments  demonstrate  the  benefits  of 
utilizing  true  multispectral  processing  to  optimize  the 
lossless  compression  efficiency.  The  extension  of  the 
previously  developed  TATCA  system  to  the  lossless  / 
virtually  lossless  case,  although  beneficial,  requires 
several  additional  processing  considerations.  More 
detailed  implementation  scenarios  are  the  subjects  of 
ongoing  studies  and  will  be  reported  in  future 
publications. 

REFERENCES 

[1]  J.  A.  Saghri,  A.  G.  Tescher  and  J.  T.  Reagan, 
"Practical  Transform  Coding  of  Multispectral  Imagery," 
IEEE  Signal  Processing  Magazine,  pages  32-43  (1995). 

[2]  N.  D.  Memon,  K.  Sayood  and  S.  S.  Magliveras, 
"Simple  Method  for  Enhancing  the  Performance  of  Lossy 
Plus  Lossless  Image  Compression  Schemes,"  J.  of 
Electronic  Imaging,  pages  245-251  (1993). 


1021 


image  set 
input 


Spectral  Proceissfing 

Spatial  Processing 

•  Fardtiott  set  into 

subblocks 

’  •  Covariance  matrix 

•  Determine  required  bit  rate 

•  IFIG  Q  factor  determination 

•  eigen  vector  &  eigen  value 

computation 

*  eigen  vector  &  ei^en  value 
computation  . 

’  ♦  Karimnen-Loeve 

ctanputation 

•  JPEG  compression  process 

•  Overiiead  determination 

•  Generate  compressed  bit 

Transfomaation 

*  Remapping  eigen  images 

Figure  1.  Basic  processing  steps  for  the  multispectral  coding  system 


input  to 
channel 


Figure  2.  Original  TIROS  5-Band,  8-bpp  images  and  the  spectrally  decorrelated  eigen  images 


Figure  3.  Comparison  of  Lossless  Codecs  of  5  band  8  bpp  images 


1022 


Progressive  Model-Based  VQ  for  Image  Data  Archival  and  Distribution 


Mareboyana  Manohar 

Department  of  Computer  Science,  Bowie  State  University,  Bowie,  MD  20715 
email:  manohar@cosc.bsu.umd.edu 
James  C.  Tilton 

Information  Sciences  and  Technology  Branch,  Code  935,  NASA/Goddard  Space  Flight  Center 
Greenbelt,  MD  20771,  email:  tilton@chrpisis.gsfc.nasa.gov 


Abstract  -  Vector  Quantization  (VQ)  based  lossy 
compression  techniques  are  ideally  suited  for  image  archival 
and  distribution  applications  due  to  their  asymmetrical 
computational  properties.  The  practical  use  of  VQ  is  however 
limited  due  to  complications  arising  from  design  and 
maintenance  of  codebooks.  Model-Based  VQ  (MVQ)  is  a 
variant  of  VQ  with  the  computational  properties  of  VQ  but 
without  complications  from  explicit  handling  of  codebooks. 
In  MVQ,  error  models  combined  with  a  Human  Visual 
System  (HVS)  model  are  used  to  generate  an  implicit  model 
codebook.  The  decoder  generates  same  codebook  using  the 
model  parameters  thus  eliminating  the  need  for  training 
algorithm,  transmitting  and  maintaining  the  codebooks.  This 
algorithm  was  tested  on  several  NASA  images  and  results 
were  published  [1-2].  In  this  paper  we  describe  Progressive 
MVQ  along  the  lines  of  Progressive  VQ  [3]  and  evaluate  its 
performance  on  NASA  images. 

INTRODUCTION 

Vector  Quantization  (VQ)  is  an  attractive  lossy 
compression  technique  for  image  data  archival  and 
distribution  due  to  its  asymmetrical  computational  property. 
It  has  the  least  computational  burden  on  the  user  compared  to 
some  symmetrical  techniques  such  as  JPEG/DCT[4]. 

The  performance  of  the  VQ  depends  heavily  on  the 
codebooks  employed.  The  codebook  generation  is  generally 
a  computationally  intensive.  The  codebooks  generated  on  a 
training  set  provide  optimal  performance  on  the  training  set 
whilethe  performance  is  suboptimal  for  images  outside  the  set 
The  rate-distortion  performance  of  the  VQ  compression 
technique  also  depends  on  the  codebook  size.  Large 
codebooks  are  required  for  better  performance[2].  Large 
codebooks  pose  some  practical  problems  of  generating  them 
and  maintaining  the  copies  with  decoders.  Data  users  would 
see  this  as  unwelcome  burden.  This  codebook  management 
problem  is  a  significant  detraction  from  making  VQ 
approaches  a  viable  option  for  data  archival  and  distribution. 

We  have  developed  a  Model-Based  VQ  (MVQ)  [1-2] 
which  eliminates  the  need  for  codebook  training  and 
management.  There  is  a  slight  computational  overhead 
compared  to  VQ  both  in  coding  and  decoding  which  is 
independent  of  the  size  of  the  input  image  being 
coded/decoded.  We  have  reported  in  our  earlier  work  [2]  the 
performance  characteristics  of  MVQ. 
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In  this  paper,  we  propose  a  technique  of  using  the  MVQ 
for  progressively  compressing  the  image  data  into  multiple 
levels  for  effective  data  distributions.  In  the  following 
sections  we  describe  briefly  the  MVQ  technique,  and  how 
MVQ  can  be  used  in  progressive  mode  and  present  some 
results  on  progressive  compression  using  MVQ. 

MODEL-BASED  VQ 


In  MVQ,  the  image  to  be  compressed  is  decomposed  into 
nonoverlapping  blocks  (4x4).  Block  means  are  computed  and 
losslessly  compressed  using  standard  algorithms  such  as 
JPEG,  or  Ziv-Lempel.  The  block  means  are  subtracted  from 
the  block  generating  mean  removed  residuals.  Assuming  the 
mean  removed  error  fits  Laplacian  distribution,  MVQ 
generates  errors  using  uniform  random  number  generator  and 
converts  them  tc  Laplacian  by  logarithmic  mapping  [1’2]. 

The  mean  of  the  aplacian  distribution,  X  (=ct^/V2)  is 
computed  from  the  block  residuals.  The  model  generated 
errors  are  independent  and  identically  distributed  (i.  i.  d).  But 
the  source  errors  are  not  independent.  Therefore,  the  model 
generated  errors  are  grouped  together  into  vectors  (the  size  T 
the  block)  and  appropriate  correlations  are  imposed  on  model 
generated  error  residuals  by  using  Human  Visual  Systems 
(HVS).  One  way  to  impose  HVS  properties  on  codebook 
vectors  generated  by  Laplacian  model  is  to  DCT  transform 
the  vectors,  weight  the  result  with  HVS  DCT  weight  matrix, 
and  inverse  DCT  transform  the  result  to  get  back  the  vectors 
that  have  the  correlations  corresponding  to  HVS.  The  weight 
matrix  is  employed  is  given  in  [1.  The  compression  (CR) 
from  MVQ  is  given  by 


CR  = 


k*b 

b  +  logjK) 


(1) 


where  b  is  number  of  bits  per  pixel  in  the  original  image  data, 
k  is  the  vector  (block)  size  and  nc  is  number  of  model  codes 
generated.  Equation  (1)  is  a  conservative  estimate  of  CR, 
because  it  does  not  account  for  lossless  compression  of  block 
means.  The  MVQ  decoder  generates  the  same  codevectors 
that  encoder  used  by  using  the  parameter,  X  contained  in  the 
encoded  data  file.  The  decoder  gets  the  residue  vector 
corresponding  to  every  index  of  the  encoded  vector  ( )  and 
adds  to  the  corresponding  block  mean  (|Xi)  to  obtain  the 


1023 


reconstructed  vector  ( )  .  Distortion,  D  between  the  input 
image  and  reconstructed  image  can  be  expressed  in  terms  of 
Mean  Squared  Error  (MSE)  and  is  given  by 

z)=2;||x,-x;||  (2) 

i 

where  ||  ||  is  Euclidean  norm  between  the  vectors  input 

vector,  Xj  and  reconstructed  vector,  Xj .  The  compression 
ratio  is  directly  proportional  to  the  vector  size,  k  and 
inversely  proportional  to  the  logarithm  of  number  of  model 
code  vectors. 


PROGRESSIVE  MVQ 

Progressive  compression  refers  to  a  form  of  image  data 
compression  in  which  the  first  part  of  the  compressed  file 
(that  is  either  transmitted  to  a  remote  site  or  stored  locally) 
can  be  used  to  reconstruct  an  approximate  representation  of 
the  image.  The  remaining  portions  of  the  compressed  file 
contribute  increasingly  detailed  information  to  the 
reconstruction  of  the  image  until  the  image  is  losslessly 
reconstructed  when  the  entire  compressed  file  is  received  over 
the  network  or  read  from  local  storage. 

Progressive  compression  is  usually  accomplished  by 
decomposing  the  original  image  file  into  a  hierarchy,  in  which 
the  highest  level  is  the  initial  data  rendition.  The  lower  levels 
of  the  hierarchy  comprise  details  that  are  missing  in  the  upper 
levels.  The  data  rendition  at  the  highest  level  of  hierarchy, 
called  browse  data,  should  be  accurate  so  that  it  is  possible  to 
make  a  decision  concerning  whether  or  not  the  data  is  useful 
for  the  specific  application.  If  the  decision  is  negative,  the 
cost  of  the  decision  is  the  cost  of  obtaining  the  browse  data. 
If  the  decision  is  positive,  there  are  two  options:  i)  the  users 
can  either  get  the  successive  detail  data  from  the  hierarchy 
and  buildup  the  data  by  adding  details  to  initial  browse  data 
until  the  data  precision  is  adequate  and  then  terminate  the 
transmission,  ii)  or  the  users  can  get  the  remaining  data  set 
from  the  hierarchy  to  reconstruct  the  data  in  lossless  mode. 
VQ  can  be  used  in  progressive  compression  mode  by  using 
VQ  compression  on  successive  residuals  as  described  in  [3]. 

The  block  schematic  of  progressive  MVQ  is  shown  in 
Fig.l.  The  first  stage  of  MVQ  creates  block  mean  file, 
In.bmn.C  (C  indicates  compressed  file  using  appropriate 
lossless  compression  technique).  The  successive  MVQcode 
and  MVQdecode  compress/decompress  residual  images  for 
which  block  means  are  zeros.  In  the  figure  MVQ  progressive 
compression  decomposes  the  input  image  into  four  levels, 
although,  in  principle,  any  number  of  levels  can  be  used.  To 
reconstruct  the  input  image  without  loss,  the  last  residual  has 
to  be  losslessly  compressed.  Image  reconstruction  from  these 
data  is  exactly  the  reverse  process.  Every  successive  data  is 
used  to  refine  reconstructed  image  until,  either  the  quality  of 


the  reconstructed  image  is  satisfactory  or  the  reconstructed 
image  exactly  same  as  the  input  image. 
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Fig.  1.  Block  schematic  of  Progressive  MVQ  compression 


RESULTS  AND  DISCUSSIONS 

Progressive  MVQ  compression  and  decompression  were 
tested  on  remote  sensed  image  of  Washington,  D.  C.  (Fig. 
4a).  This  image  is  compresses  to  a  compression  ratio  of  1.458 
by  using  Ziv-Lempel  lossless  compression  technique.  By 
using  image  specific  lossless  compression  techniques  some 
improvement  in  compression  ratio  can  be  obtained.  The  rate 
distortion  characteristics  are  studied  with  codebook  size  as 
parameter  (Fig.  2  ).  We  can  obtain  lossless  reconstruction  of 
the  input  image  by  adding  the  losslessly  compressed  last 
residual  data  to  the  previous  rendition.  This  can  be  obtained 
for  various  levels  of  decomposition.  The  number  of  levels  of 
decomposition  in  our  experiments  varied  from  1  to  4.  Level  1 
corresponds  to  straight  lossless  compression  ratio  of 
1.45  Busing  Ziv-Lempel  on  Fig.  4a.  The  2  level 
decomposition  corresponds  to  MVQ  compressed  data  of  the 
input  image  and  losslessly  compressing  the  difference 
between  the  input  image  and  reconstructed  image.  In  Fig.  3, 
the  effective  lossless  compression  ratio  vs.  number  of  levels 
of  decomposition  with  internal  codebook  size  as  a  parameter 
are  plotted.  We  see  that  overall  lossless  compression  ratio  is 
slightly  better  than  straight  lossless  compression  for  level  1 
and  decreases  for  levels  greater  than  1 .  The  results  are  not  as 
dramatic  as  in  the  case  of  progressive  VQ  as  reported  in  [3]. 
This  may  be  attributed  to  the  optimality  of  the  trained 
codebook  for  the  class  of  images  in  the  case  of  progressive 
VQ  compared  to  model  generated  codebook  in  the  case  of 
progressive  MVQ.  The  results  of  the  reconstruction  from 
four  level  decomposition  on  Washington,  D.  C.  image  are 
shown  in  Figure  4(b-d).  In  this  figure,  a  256x154  subimage 
extracted  from  the  center  of  original  512x512  image  is  shown. 
One  can  notice  the  progressive  refinement  of  the 
reconstructed  image  and  lastly  the  image  shown  in  Fig.  4d  is 
exact  reconstruction  of  Fig.  4a. 
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Figure  2,  Rate -distortion  performance  of  Progressive  MVQ 


for  codevectors  16384,  and  8192 


Figure  3:  Lossless  compression  Vs.  number  of  levels 
of  decomposition 


Figure  4.  a)  Washington,  D.  C.  image,  b)  First  level 
reconstructed  image  (CR  “  6.5),  c)  Second  level 
reconstructed  image  by  adding  details  (CR  =  3.78),  d) 
Losslessly  reconstructed  by  adding  all  the  details  (CR  = 
1.458) 
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Abstract — This  study  presents  a  comparison  of  the  re¬ 
sults  of  three  different  compression  schemes  when  applied 
to  remotely  sensed  arctic  radiance  images.  Images  ob¬ 
tained  via  Special  Sensor  Microwave/  Imager  (SSM/I)  are 
compressed  using  three  different  compression  schemes  at 
varying  levels  of  compression  and  are  evaluated  using  the 
ice  concentration  and  ice  type  derived  from  the  radiance 
values  as  metrics.  The  results  show  that  the  DRIQ  com¬ 
pression  scheme  consistently  performed  better  than  the 
MRVQ  and  DCAVQ  algorithms. 

1.  Introduction 

Image  compression  schemes  have  generally  been  de¬ 
signed  with  the  assumption  that  the  reconstructed  image 
will  be  viewed  by  a  human  observer.  As  such,  distor¬ 
tions  that  are  not  perceptually  discernible  are  considered 
acceptable.  However,  in  a  scientific  environment  the  cri¬ 
terion  for  acceptability  or  unacceptability  of  the  recon¬ 
struction  are  substantially  different  [1].  In  remote  sensing 
the  obtained  image  is  generally  processed  to  extract  pa¬ 
rameters  of  interest.  Remotely  sensed  microwave  emission 
images  of  the  Arctic  are  used  to  obtain  a  number  of  differ¬ 
ent  parameters  including  ice  concentration  and  ice  type. 
In  this  study  we  look  at  some  of  the  issues  that  need 
to  be  addressed  when  designing  compression  algorithms 
for  images  of  polar  ice  and  evaluate  the  effects  of  several 
compression  algorithms  on  the  extracted  products.  Our 
performance  metrics  are  therefore  the  errors  introduced 
in  the  ice  concentration  and  ice  type  estimates,  as  derived 
by  the  NASA  Team  Algorithm. 

In  the  following  section  we  describe  the  datasets,  data 
products  and  error  tolerance.  Section  III  contains  a  de¬ 
scription  of  the  compression  algorithms.  The  results  are 
evaluated  in  Section  IV. 

II.  Arctic  Remote  Sensing 

On  average,  polar  sea  ice  covers  only  about  7%  of  the 
ocean  surface,  but  it’s  impact  on  the  global  climate  is 
tremendous.  By  changing  the  earth’s  surface  albedo  and 
restricting  fiuxes  of  energy  between  the  ocean  and  the 
atmosphere,  the  polar  sea  ice  is  a  critical  component  of 
the  global  climate  modeling  effort. 

K.  Sayood  is  on  leave  from  the  Department  of  Electrical  Engineer- 
ing,  University  of  Nebraska-Lincoln. 
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Monitoring  polar  sea  ice  on  a  global  scale  is  accom¬ 
plished  by  satellite  borne  remote  sensing  systems.  Passive 
microwave  sensors  such  as  the  Scanning  Multichannel  Mi¬ 
crowave  Radiometer  (SMMR)  and  more  recently  the  Spe¬ 
cial  Sensor  Microwave/Imager  (SSM/I)  have  proven  to 
be  very  effective  in  monitoring  ice  extent,  concentration, 
and  “type,”  Ice  concentration  refers  to  the  fractional  ice 
cover  within  an  image  pixel.  The  ice  type  typically  dis¬ 
tinguishes  between  ice  in  two  categories:  “first  year”  ice 
and  “multi-year”  ice.  Multi-year  ice  is  sea  ice  that  has 
survived  at  least  one  summer  melt  season,  circling  in  the 
Arctic  Ocean.  The  seasonal  temperature  cycling  causes 
the  surviving  ice  to  desalinate,  thus  making  its  radiomet¬ 
ric  properties  distinguishable  from  those  of  first  year  ice. 

Several  algorithms  have  been  proposed  to  estimate  ice 
concentration  and  type  from  SMMR  and  SSM/I  radi¬ 
ances.  The  most  commonly  used  algorithm,  and  the  one 
we  use  in  this  study,  is  the  NASA  Team  Algorithm  [2], 
[3].  The  technique  relies  on  the  microwave  polarization 
and  spectral  characteristics  of  open  water  and  the  two  ice 
types  through  the  spectral  gradient  ratio  and  the  polar¬ 
ization  ratio.  The  spectral  gradient  ratio  measures  the 
spectral  difference  between  the  19  GHz  and  37  GHz  verti¬ 
cally  polarized  emission,  while  the  polarization  ratio  mea¬ 
sures  the  polarization  of  the  19  GHz  emission.  Generally 
speaking,  the  polarization  ratio  is  strongly  dependent  on 
ice  concentration  and  the  gradient  ratio  is  strongly  depen¬ 
dent  on  the  ice  type. 

The  precision  of  the  estimates  of  ice  concentration  are 
estimated  to  be  in  the  range  of  5%  to  9%.  The  multi¬ 
year  ice  concentrations  are  less  robust,  with  error  bars  on 
the  order  of  13%  to  25%.  The  standard  deviation  of  ice 
concentrations  in  midwinter  ranges  form  ±2  %  to  ±4  %. 
This  may  also  server  as  an  estimate  of  the  upper  limit  on 
the  ice  concentration  precision  [4]. 

III.  Compression  Algorithms 

We  use  three  different  compression  schemes  at  differ¬ 
ent  levels  of  compression.  The  compression  schemes  are 
a  differentially  encoded  scheme  with  recursively  indexed 
quantization  (DRIQ)  [5],  a  distortion  constrained  adap¬ 
tive  vector  quantizer  (DCAVQ)  and  a  mean  removed  vec¬ 
tor  quantizer  (MRVQ).  The  first  two  algorithms  were  de¬ 
signed  using  a  per  pixel  distortion  constraint,  while  the 
third  algorithm  uses  an  average  squared  error  distortion 
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constraint.  This  distinction  is  important  in  that  unlike 
images  destined  for  human  perception  the  individual  pixel 
values  in  scientific  images  can  have  a  significant  effect  on 
the  extracted  parameters  and  hence  on  the  performance. 

In  the  differentially  encoded  scheme  the  value  of  the 
pixel  to  be  encoded  is  predicted  using  the  previous  re¬ 
constructed  pixels.  The  prediction  is  subtracted  and  the 
prediction  error  is  quantized  using  the  recursively  in¬ 
dexed  quantizer  (RIQ),  The  recursively  indexed  quantizer 
is  effectively  an  infinite  level  uniform  quantizer  with  the 
thresholds  being  the  mid-points  of  output  levels.  The 
quantizer  with  infinitely-many  output  levels  with  uniform 
spacing  A  yields  granular  distortion  only.  The  magnitude 
of  the  distortion  is  bounded  by  A/2.  The  quantizer  levels 
are  encoded  using  recursive  indexing. 

Recursive  indexing  is  a  mapping  of  a  countable  set  to 
a  collection  of  sequences  of  symbols  from  another  set  of 
finite  size  [6].  Given  a  countable  set  A  =  {ao,  ai, . . .}  and 
a  finite  set  R  =  {6o ,  ?  •  •  •  >  ^m-i  }  of  size  M,  the  recursive 

indexing  of  yl  by  R  is  a  mapping  /  of  A  to  the  collection 
of  all  sequences  of  symbols  from  B  such  that 

■f(ai)  =  bM-ibM-i  ■  ■  ■  &M-1  6r  if  *  =  q{M  -  1)  +  r  (1) 

' - V - ' 

q  times 

where  q  and  r  are  the  quotient  and  remainder  of  i  when 
divided  by  M  — 1.  Recursive  indexing  is  a  one-to-one  map¬ 
ping,  a  symbol-to- variable  length,  M-ary,  prefix-free  code 
and  therefore  uniquely  and  instantaneously  decodable. 

The  image  pixels  for  the  SSM/I  data  are  given  as  16 
bits  per  pixel.  This  rather  large  dynamic  range  makes  it 
hard  to  use  many  of  the  standard  VQ  approaches  as  in 
order  to  adequately  represent  this  range  we  need  imprac- 
tically  large  codebooks.  Consider  compressing  the  input 
with  a  compression  ratio  of  8:1.  For  a  16  bit  input  this 
means  that  we  need  to  represent  the  input  using  two  bits 
per  pixel.  For  a  16  dimensional  VQ  this  results  in  a  code¬ 
book  size  of  2^®^^  =  4,294,967,296.  To  get  around  this 
problem  we  used  two  different  approaches.  In  the  first 
we  used  an  adaptive  vector  quantizer  which  adaptively 
builds  its  codebook.  The  second  approach  was  to  use  a 
mean  removed  vector  quantizer  in  which  the  bit  resources 
are  divided  between  a  vector  quantizer  and  an  encoder  for 
coding  the  mean. 

The  DCAVQ  is  a  vector  quantizer  with  two  distinct 
codebooks  Ci  and  (72.  The  codebook  Ci  consists  of  16 
dimensional  vectors  and  the  second  for  4  dimensional  vec¬ 
tors.  The  image  is  divided  into  4x4  blocks.  Each  block  is 
first  quantized  using  Ci .  The  difference  between  the  input 
block  and  the  reconstructed  block  is  compared  against  a 
threshold  on  a  pixel  by  pixel  basis.  If  all  pixels  pass  the 
threshold  test  the  label  of  the  vector  is  stored  or  transmit¬ 
ted.  If  not,  the  block  is  subdivided  into  four  2x2  blocks 
which  are  then  encoded  using  (72.  After  encoding  the  re¬ 
constructions  are  again  subjected  to  the  threshold  test.  If 
all  four  vectors  pass  the  threshold  test  the  corresponding 


labels  are  stored  or  transmitted  and  the  16  dimensional 
vector  constructed  by  concatenating  the  four  dimensional 
reconstructions  is  added  to  the  codebook  (7i.  If  (7i  has 
already  reached  a  prespecified  maximum  size  the  vector 
that  has  been  least  used  is  deleted  from  Ci .  A  counter  is 
kept  for  each  vector  in  the  codebook.  At  each  encoding 
step  the  count  for  the  vector  in  the  codebook  which  is 
used  is  incremented  by  one  and  the  count  for  all  vectors 
in  the  codebook  that  have  not  been  used  is  decremented 
by  one.  When  a  vector  needs  to  be  deleted  from  the  code¬ 
book  the  vector  with  the  lowest  count  is  discarded.  If  any 
of  the  four  dimensional  vectors  fails  the  threshold  test 
the  individual  pixels  are  quantized  using  a  recursively  in¬ 
dexed  quantizer.  When  this  happens  the  codebook  C2 
is  updated  in  a  manner  similar  to  the  update  procedure 
described  for  (7i  described  above,  blocks. 

In  the  mean  removed  vector  quantizer  [7]  we  again  di¬ 
vide  the  image  into  4x4  blocks.  For  each  block  we  first 
remove  the  mean  which  is  then  losslessly  encoded.  The 
residual  is  then  quantized  using  a  vector  quantizer. 

IV.  Results 

The  results  obtained  using  the  DRIQ  algorithm  for 
rates  of  5  bits  per  pixel  and  2.5  bits  perpixel  are  shown 
in  Table  I.  The  data  show  that  the  DRIQ  algorithm  with 
a  compression  rate  of  5  bits  per  pixel  yields  errors  on  the 
order  of  2  to  3  %.  The  November  27  error  rate  is  a  bit 
higher  because  the  original  data  set  had  an  unusually  high 
number  of  missing  (zero)  data  points.  Through  the  com¬ 
pression/decompression  process  some  of  these  pixels  seem 
to  have  “contaminated”  neighboring  pixels,  thereby  rais¬ 
ing  the  overall  RMS  difference  in  retrieved  products  by  a 
factor  of  two.  The  performance  is,  of  course,  not  as  robust 
at  the  2.5  bits  per  pixel  compression  rate,  particularly  for 
the  multiyear  ice  concentration.  Although  the  product  re¬ 
trieval  images  are  noticeably  noisy,  the  important  trends 
are  preserved  even  at  this  compression  rate. 

The  results  obtained  from  using  the  MRVQ  algorithm 
are  shown  in  Table  II.  These  results  for  the  same  com¬ 
pression  rates  range  from  18  to  25  %  at  the  5  bits  per 
pixel  rate,  and  from  21  to  32  %  at  the  2.5  bits  per 
pixel  rate.  The  products  derived  after  data  compres- 


16  Oct 

27  Nov 

23  Dec 

5b/p 

Total  Ice  Cone. 

3.5  % 

5.1% 

3.5  % 

Multi- Year  Cone. 

2.3  % 

4.3  % 

2.5% 

2.5  b/p 

Total  Ice  Cone. 

7.2  % 

10.2% 

6.8  % 

Multi- Year  Cone. 

8.1  % 

11.2  % 

8.2  % 

TABLE  I 

RMS  DIFFERENCE  BETWEEN  PRODUCTS  DERIVED  FROM 
UNCOMPR.ESSED  IMAGES  AND  IMAGES  COMPRESSED  USING  THE  DRIQ 
ALGORITHM. 
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27  Nov 

23  Dec 

5  b/p 

Total  Ice  Cone. 

22.3% 

18.5  % 

Multi-Year  Cone. 

24.6  % 

19.6  % 

2.5  b/p 

Total  Ice  Cone. 

27.9% 

21.0  % 

Multi-Year  Cone. 

31.3  % 

24.3  % 

TABLE  II 

RMS  DIFFERENCE  BETWEEN  PRODUCTS  DERIVED  FROM 
UNCOMPRESSED  IMAGES  AND  IMAGES  COMPRESSED  USING  THE 
MRVQ  ALGORITHM. 


27  Nov 

23  Dec 

5  b/p 

Total  Ice  Cone. 

5.7% 

4.4% 

Multi-Year  Cone. 

5.4% 

4.6  % 

2.5  b/p 

Total  Ice  Cone. 

13.9% 

10.2  % 

Multi-Year  Cone. 

16.9  % 

14.3  % 

TABLE  III 

RMS  DIFFERENCE  BETWEEN  PRODUCTS  DERIVED  FROM 
UNCOMPRESSED  IMAGES  AND  IMAGES  COMPRESSED  USING  THE 
DCAVQ  ALGORITHM. 


sion/decompression  by  the  MRVQ  algorithm  are  not  us¬ 
able. 

Finally,  the  results  obtained  using  the  DCAVQ  algo¬ 
rithm  are  shown  in  Table  III.  As  with  the  results  from 
the  DRIQ  algorithm,  the  RMS  error  is  lower  for  the  Dec 
23  data  set  than  for  the  Nov  27  data  set.  The  DCAVQ 
algorithm  performs  nearly  as  well  as  the  DRIQ  algorithm 
at  the  5  bits  per  pixel  rate.  It’s  performance  deteriorates, 
however,  at  the  2.5  bits  per  pixel  compression  rate.  This 
is  most  noticeable  for  the  most  complete  data  set  (Dec 
23). 

V.  Conclusion 

The  DRIQ  algorithm  appears  to  outperform  the 
MRVQ  and  DCAVQ  algorithms  in  the  application  stud¬ 
ied  here.  The  DRIQ  compression/decompression  scheme 
contributes  error  that  is  reasonable  with  regard  to  the 
currently  accepted  level  of  uncertainty  for  Arctic  ice  con¬ 
centration  and  ice  type  estimates. 


Even  at  the  highest  compression  rate,  the  important 
trends  are  preserved  by  the  DRIQ  algorithm.  Although 
the  DCAVQ  algorithm  performed  well  at  the  lower  com¬ 
pression  rate,  it  struggled  to  preserve  the  trends  at  the 
highest  compression  rate. 

Note  that  the  results  are  substantially  better  for  com¬ 
pression  schemes  which  have  a  per  pixel  distortion  con¬ 
straint,  that  is  DRIQ  and  DCAVQ,  than  for  the  compres¬ 
sion  scheme  that  attempts  to  minimize  the  mean  squared 
error,  namely  the  MRVQ  scheme.  This  indicates  the 
need  for  the  development  of  compression  schemes  for  sci¬ 
entific  data  based  on  per  sample  distortion  constraints 
rather  than  the  average  distortion  constraints  typically 
used  when  designing  compression  schemes  for  data  which 
is  to  be  perceived  by  humans. 
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ABSTRACT 

This  paper  presents  a  comparison  of  adaptive  linear  pre¬ 
dictors  as  applied  to  the  area  of  lossless  compression  of 
seismic  waveform  data.  Three  methods  are  explored:  the 
normalize  least-mean  square  (NLMS)  algorithm,  the  gra¬ 
dient  adaptive  lattice  (GAL)  algorithm,  and  the  recursive 
least  squares  lattice  (RLSL)  algorithm.  When  compared 
to  standard  linear  prediction  techniques,  all  three  of  these 
methods  require  little  overhead,  are  more  computation¬ 
ally  efficient,  and  can  be  implemented  using  floating  point 
techniques.  With  respect  to  a  standard  seismic  database, 
the  RLSL  filter  outperforms  the  other  two  methods  in 
nearly  all  cases  tested. 

1.  INTRODUCTION 

Lossless  compression  of  data  is  extremely  important  in 
cases  where  immense  amounts  of  data  are  present  and  the 
integrity  of  this  data  must  be  preserved.  One  finds  such 
an  instance  in  the  case  of  seismic  data,  since  not  only  large 
amounts  of  seismic  data  are  collected  by  many  different 
organizations,  but  this  data  must  fully  retain  its  informa¬ 
tion  for  accurate  analysis.  For  instance,  vast  quantities 
of  seismic  data  are  collected  and  processed  for  monitoring 
purposes  related  to  the  Comprehensive  Test  Ban  Treaty. 

Usually,  lossless  compression  is  achieved  in  two  stages: 
the  first  stage  is  a  decorrelaior  which  exploits  redundancy 
between  neighboring  samples  in  a  data  sequence,  and  the 
second  stage  is  an  entropy  coder  which  takes  advantage  of 
the  decreased  variance  of  the  data.  In  this  paper,  we  will 
be  concerned  with  the  first  stage.  Normally,  linear  predic¬ 
tion  is  used  for  decorrelation.  Given  a  sample  sequence  of 
length  ix[n)  (0  <  n  <  K  —  1),  one  can  design  a  linear 
predictor  of  order  M  by  using  M  predictor  coefficients 
{bi}  to  find  an  estimate  ix{n)  for  each  sample  in  ix{n): 

Af-l 

ix{n)  =  ^  hiix[n  —  i  —  1)  (1) 

i=o 

Obviously,  M  should  be  much  less  than  K  to  achieve  com¬ 
pression,  because  {bi}  must  be  included  with  the  com- 
0-7803-3068-4/96$5.00©1996  IEEE 


pressed  data.  The  estimate  ix{ri)  is  not  the  same  as  the 
original  value;  therefore  a  residue  sequence  is  formed  to 
allow  exact  recovery  of  zx(n): 

ir{n)  =  ix{n)  —  ix(n)  (2) 

If  the  predictor  coefficients  are  chosen  properly,  the  en¬ 
tropy  of  ir(n)  should  be  less  than  the  entropy  of  ix{ri). 
Choosing  the  coefficients  {&{}  involves  solving  the  Wfener- 
op/ equations: 

‘ROjO&O  “f  Ro.i^i  +  •**  =  I2Af,o(3) 

^1,0^0  4*  Ri.ibi  +  •••  +  Ri.M^ibM-i  =  Rm,i 

i^Af- 1,0^0  +  1^161  “j - =  Rm,M-1 

where  Rij  is  the  average  over  n  of  the  product  ix{n)ix{n+ 

(i  —  /))•  This  can  be  represented  as  the  matrix- vector 
product 

Rb  =  p  (4) 

where  R  is  the  M  by  Af  matrix  defined  in  (3),  b  is  the  M 
by  1  vector  of  predictor  coefficients,  and  p  is  the  M  by  1 
vector  in  (3). 

While  the  method  of  linear  prediction  is  effective,  it  suf¬ 
fers  from  the  problem  of  finding  a  solution  to  the  Wiener- 
Hopf  equations  in  (3),  which  becomes  increasingly  compu¬ 
tationally  expensive  with  larger  data  block  sizes.  Adap¬ 
tive  FIR  filters  have  been  proposed  and  used  successfully 
as  a  way  of  solving  this  problem  [2].  With  a  fixed  filter 
size,  Af ,  there  is  a  variety  of  stochastic  gradient  methods 
to  adapt  the  filter. 

2.  ADAPTIVE  FILTERS 

Adaptive  filters  encompass  many  classic  stochastic  gradi¬ 
ent  techniques,  such  as  the  LMS  or  RLS  algorithms.  One 
common  method  is  discussed  here,  the  normalized  least 
mean  square  algorithm  (NLMS)  [3].  With  the  sample  se¬ 
quence  index  denoted  by  n,  the  set  of  predictor  coefficients 
in  (1)  is  now  time- varying,  and  is  represented  by  the 
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column  vector  b(n)  =  [&o(^) "  • '  where  is 

the  transpose  operator.  If  the  input  to  the  filter  is  the 
vector  ix(n)  =  \ix{n  —  1)  •  •  •ix(n  —  M)]^,  then  a  time- 
varying  residue  [4]  is  given  by 

ir{n)  =  ix{n)  -  NINTih"^ {n)ix{n)}  (5) 

If  two  fixed  parameters,  a  smoothing  parameter  P  and 
a  convergence  parameter  u,  are  specified,  then  b(n)  is 
computed  iteratively  as  follows; 

b(n-hl)  =  b(n)  + /z(7i)ir(n)ix(7i)  (6) 

"W  = 

alf(n)  =  palt{n-l)  +  {l-P){iAn-l))  (8) 

In  order  to  reverse  the  algorithm  without  loss  [4],  the  fol¬ 
lowing  equation  may  be  used  along  with  (6)- (8): 

ix{n)  =  ir{n)  4*  iV’/JV'T{b'^(n)ix(n)}  (9) 

Therefore,  one  needs  the  initial  predictor  coefficients  b(0), 
the  initial  data  vector  ix(0),  and  the  error  sequence  ir{n) 
to  reconstruct  the  original  ix{n)  sequence  exactly.  More¬ 
over,  in  this  approach,  the  coefficients  b(n)  and  the  data 
vectors  ix(n)  do  not  have  to  be  transmitted  at  all  after 
start-up.  We  note  that  the  functions  used  in  encoding 
must  be  repeated  exactly  in  decoding.  Therefore  all  quan¬ 
tities  used  in  (6)-(8),  that  is,  u,  /3,  b(0),  and  lx(0),  must 
be  stored  in  the  compressed  data  frame  exactly  as  they  are 
used  in  the  encoding  process,  so  that  they  may  be  used  in 
the  same  way  in  the  decoding  process.  We  also  note  that 
here  it  is  not  necessary  to  break  the  data  up  into  frames  as 
was  the  case  with  the  linear  predictor  method  described 
previously,  and  that  in  general  this  method  requires  less 
overhead  than  the  linear  predictor  method. 


=  /?tT,Lx(n-2)+  (13) 

fM{,n)  =  tz(n)  +  (14) 

NINTiY^  bi{n  -  l)i!<(n  -  1)} 

i=0 

where  a  is  a  convergence  parameter,  /?  is  a  smoothing  pa¬ 
rameter,  fi{n)  is  the  forward  prediction  error,  and  fcx(n)  is  the 
backward  prediction  error.  The  recovery  equation  is  [4] 

Af-l 

ix{n)  =  fM{n)  -  NINT{  i<(n  -  l)Ai(n  -  1)}  (15) 

i^O 

An  improvement  on  the  GAL  is  the  recursive  least-squares 
lattice  (RLSL)  filter  [3].  The  Mth-order  forward  and  backward 
prediction  error  coefficients,  7/m(«)  and  V'Af(7i)  respectively, 
are  given  by: 


VMin) 

= 

nAf-i(«)  +  Tf,M(n  -  l)V’M-i(n  -  1)  (16) 

^A4-(n) 

= 

-  1)  4-  Fh,M{n  -  1)7/m 

-i(n)  (17) 

= 

AAf-l(w) 

—  1) 

(18) 

rb,M(7i) 

= 

AAf-l(7l) 

Fm-i(ti) 

(19) 

Am-i(3^) 

= 

AAAf-i(w  —  1)  4- 

(20) 

7m-i(w  “  l)^M-i(n  -  l)77M-i 

{n) 

XFM-i{'a  —  1)  4* 

(21) 

7Af-i(n-  l)v\r^x{n) 

= 

XBjA-iin  —  1)  4-  7Af-i(7i)V'M- 

i(») 

(22) 

7M(n) 

= 

,  ^  7Af-l(^)^Af-l(^) 

(23) 

The  parameter 

X  is 

a  fixed  constant  arbitrarily  close  to 

,  but 

not  equaling  1. 

The 

error  residuals  are  computed  as  [4] 

M 

ir{n)  =  ix{n)  +  NINT(^  Tf, i(n  -  -  1)}  (24) 

i=l 


3.  LATTICE  FILTERS 

Although  the  NLMS  adaptive  filter  is  effective,  it  some¬ 
times  displays  slow  convergence,  resulting  in  a  residue  se¬ 
quence  of  high- variance.  This  has  lead  to  the  use  of  a 
class  of  adaptive  filters  known  as  lattice  filters.  Although 
the  implementation  of  lattice  filters  is  more  involved  than 
that  of  the  NLMS  algorithm,  faster  convergence  usually 
makes  up  for  the  increased  complexity.  A  simple  M-stage 
adaptive  lattice  filter  is  shown  in  Figure  1;  this  filter  is 
known  as  the  gradient  adaptive  symmetric  lattice  (GAL) 
filter.  The  update  equations  for  this  filter  are  [4] 


ii(n) 

=  bi-i{n  -  1)  +  ki{n)fi-i(n) 

(10) 

fi{n) 

=  /i-i(n)  +  ki{n)bi-i{n  -  1) 

(11) 

ki{n) 

=  ki(^n  —  1)  + 

(12) 

fi{n  —  l)6i_i(n  —  2)  + 

-  l)6t(n  -  1) 

4.  SIMULATIONS 

The  three  methods  described  above  were  compared  with  re¬ 
spect  to  several  seismic  data  files  quantized  to  32  bits  per 
sample)  which  were  provided  by  the  United  States  Geological 
Survey  (USGS).  The  stations  where  this  data  was  collected 
and  the  corresponding  sampling  rates  are  given  in  Table  1. 

The  RLSL  performed  better  than  the  GAL  or  the  NLMS 
algorithms.  The  seismic  waveforms  given  in  were  each  sub¬ 
jected  to  all  three  methods;  the  residue  variances  are  given  in 
Table  2.  As  can  be  seen,  the  RLSL  outperformed  the  NLMS 
and  GAL  algorithms  in  nearly  every  case,  with  the  residue 
variances  reducing  to  lower  values.  The  residue  files  associ¬ 
ated  with  the  RLSL  filter  were  then  subjected  to  the  modified 
arithmetic  coding  method  given  in  [5],  with  the  resulting  com¬ 
pression  ratios  (denoted  by  CR)  given  in  Table  3.  The  results 
are  promising,  with  the  minimum  compression  ratio  still  ex¬ 
ceeding  two  to  one  compression. 
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Locaiion 

Latitude 

Longitude 

Sampling  Rate 

anmbhs89 

Albuquerque,  NM 

34.96 

-106.6 

30apt 

anmbhaOS 

Albuquerque,  NM 

34.96 

-106.6 

30api 

anmsb«92 

Albuquerque,  NM 

34.96 

-106.8 

lOOapi 

aninlhs93 

Albuquerque,  NM 

34.96 

-106.8 

laps 

kipabilS 

Kipapa,  Hawaii 

31.43 

-168 

lOOapa 

kipehaSO 

Kipapa,  Hawaii 

31.43 

-188 

lOOapa 

rarbba93 

Raroienga,  Cook  Islanda 

-31.31 

-169.8 

30  apa 

rarlhi93 

Rarotonga,  Cook  lalandt 

-31.31 

-169.8 

1  apa 

Table  1:  Seismic  Data  Base 


File 

Input 

NLMS 

GAL 

RLSL 

anmbhz89 

1.87e’ 

3.85e* 

6.81e‘ 

2.07e' 

anmbhz92 

3.18e* 

2.26e^ 

1.06e^ 

9.24e® 

anmehz92 

7.84e* 

2.17e* 

2.28e* 

1.82e* 

anmlhz92 

4.44e‘ 

9.40e* 

7.61e* 

4.54e* 

kipehzl3 

2.45e® 

6.74e“ 

8.22e“ 

5.67e® 

kipehz20 

1.52e* 

9.56e^ 

7.17e^ 

4.45e^ 

rarbhz92 

1.02e^ 

2.05e* 

4.36e® 

2.71e* 

rarlhz92 

1.76e* 

1.42e^ 

2.21e^ 

2.34e^ 

FHe 

Input  Size  (bytes) 

Output  Size  (bytes) 

CR 

anmbhz89 

268000 

40945 

7.82 

anmbhz92 

288000 

41305 

8.72 

anmehz92 

56000 

14995 

5.24 

anmlhz92 

344000 

122919 

3.37 

kipehzl3 

248000 

30883 

9.17 

kipehz20 

244000 

40789 

6.57 

rarbhz92 

288000 

62025 

5.20 

rarlhz92 

344000 

153561 

2.46 

Table  3:  Compression  Results 


Table  2:  Residue  Variances 


5.  CONCLUSIONS 


Three  adaptive  linear  prediction  techniques  have  been  applied 
to  the  area  of  lossless  seismic  waveform  data  compression.  The 
RLSL  filter  in  general  outperformed  the  other  two  methods. 
This  is  encouraging,  since  the  RLSL  has  practically  no  coef¬ 
ficient  transmission  overhead,  and  the  data  does  not  require 
blocking.  Further  analysis  should  be  done  into  the  statisti¬ 
cal  nature  of  the  residuals  for  each  respective  adaptive  filter, 
as  suitable  entropy  coders  can  then  be  designed  to  achieved 
maximal  compression. 

6.  REFERENCES 

[1]  Stearns,  S.D.,  Tan,  L.-Z.,  and  Magotra,  N.  “Lossless 
Compression  of  Waveform  Data  for  Efficient  Storage  and 
Transmission.”  IEEE  Transactions  on  Geoscience  and  ix(n) 
Remote  Sensing.  Vol.  31.  No.  3.  May,  1993.  pp.  645-654.  --s 

[2]  Widrow,  Bernard  and  Stearns,  Samuel  D.  Adaptive  Sig¬ 
nal  Processing.  Englewood  Cliffs,  NJ:  Prentice-Hall,  Inc., 
1985. 

[3]  Haykin,  Simon.  Adaptive  Filter  Theory.  Englewood  Cliffs, 

NJ:  Prentice-Hall,  Inc.,  1991. 

[4]  McCoy,  J.W,  Magotra,  N.,  and  Stearns,  S.  “Lossless  Pre¬ 
dictive  Coding.”  37th  IEEE  Midwest  Symposium  on  Cir¬ 
cuits  and  Systems.  Lafayette,  LA.  August,  1994. 


[5]  Stearns,  Samuel  D.  “Arithmetic  Coding  in  Lossless  Wave-  Figure  1:  Gradient  Adaptive  Lattice  (GAL)  Filter 

form  Compression.”  IEEE  Transactions  on  Signal  Pro¬ 
cessing.  Vol.  43.  No.  8.  August,  1995.  pp.  1874-1879. 


[6]  McCoy,  J.W.  Lossless  Waveform  Data  Compression. 
Ph.D.  Thesis.  The  University  of  New  Mexico.  1995. 


1031 


Performance  of  An  Enhanced  DCT  Compression  System  for  Space  Applications 


Pen-Shu  Yeh*,  Warner  H.  Miller*  and  Steve  Hou+ 

*Goddard  Space  Flight  Center,  Code  738.3  Greenbelt,  MD  20771 
+The  Aerospace  Corporation,  2350  E.  El  Sequndo  Blvd.,  El  Sequndo,  CA  90245 
T:  301.286.4477  F:301.286.1751  EMail:psyeh@psy.gsfc.nasa.gov 


Abstract  -  A  low  bit-rate  data  compression  system  utilizing  a 
hybrid  transform  has  been  implemented  for  space  applica¬ 
tions.  This  hybrid  transform  reduces  blocking  distortion 
inherent  in  a  2D  DCT  and  has  smaller  distortion  measure- 
ment.The  system  also  employs  a  developed  adaptive  entropy 
coder  to  reduce  overhead  associated  with  Huffman  code 
tables.  The  performance  of  the  system  will  be  given  along 
with  its  comparison  with  a  JPEG  compression  system. 

INTRODUCTION 

Low  bit  rate  lossy  video  data  compression  has  been  used  in 
many  industrial  applications  including  distribution  of  video 
on  tapes  and  compact  disc,  and  transmission  of  diagnostic 
imagery  over  low  rate  communication  channels.  The  goal  of 
this  technique  is  to  cram  as  much  information  into  the  storage 
medium  or  transmission  channel  as  possible  within  the  limita¬ 
tion  of  available  hardware.  The  development  of  various  low 
bit  rate  compression  techniques  accumulated  enough  momen¬ 
tum  in  the  80’s  that  an  industrial  standards  activity  was  initi¬ 
ated  and  finally  in  the  early  90’s,  the  JPEG  standard  was 
approved  [1]. 

The  baseline  JPEG  standard  for  still  image  transmission 
has  several  functional  parts  shown  in  Fig.l.  A  format  conver¬ 
sion  unit  takes  8  lines  of  input  data  and  converts  it  into  8x8 
pixel  blocks.  A  2D  DCT  is  used  to  transform  the  block  into 
frequency  components,  these  components  are  further  quan¬ 
tized  into  integers.  A  zig-zag  ordering  is  used  to  serialize 
these  integers  before  the  run-length  and  component  magni¬ 
tudes  are  coded  by  an  entropy  coder  using  either  arithmetic 
code  or  Huffman  code.  JPEG  gives  excellent  image  quality  in 
gener^  for  a  compression  ratio  around  and  below  10:1.  At 
higher  compression  ratio,  the  blocky  distortion  becomes  vivid 
and  objectionable  to  many  applications. 

Much  effort  has  been  focused  on  techniques  that  reduce 
blocky  distortion.  The  promising  ones  are  wavelet,  subband, 
etc.  However,  for  space  applications  there  are  several  con¬ 


straints: 

•The  definition  of  a  square  frame  may  not  exist.  Except  for 
square  format  CCD,  many  space  sensors  give  long  scan¬ 
lines  of  several  thousand  pixels  in  multiple  spectral 
bands  which  operate  in  a  push  broom  mode,  the  storage 
and  formatting  of  these  data  into  square  image  required 
by  some  techniques  would  demand  too  much  onboard 
resource. 

•Noise  or  interrupt  in  the  space  communication  channel 
may  induce  error  in  the  data  stream.  Error  propagation  at 
decompression  should  be  minimized  and  the  algorithm 
should  self  start  at  least  at  the  start  of  a  data  packet. 

•For  operational  purpose,  uploading  of  code  tables  should 
be  kept  at  a  minimum. 

•Scientific  instruments  require  variable  quantization  from  8 
to  16  bits. 

In  this  paper,  we  present  an  enhanced  JPEG  system  for 
space  use.  Like  JPEG,  this  system  requires  data  buffer  on  8 
scan  lines  and  can  interface  easily  with  a  packet  data  architec¬ 
ture.  With  proper  choice  of  error  control  coding,  the  error 
propagation  at  decompression  will  be  contained  within  a  strip 
of  8  scanlines,  yet  this  technique  reduces  blocky  effect  and 
simplifies  implementation. 

THE  ENHANCED  DCT  SYSTEM  FOR  SPACE  USE 

The  lapped  orthogonal  transform  has  been  shown  to 
exceed  the  DCT  in  both  quantitative  measurement  and  per¬ 
ceptual  quality  on  signals.  Its  performance  also  compares 
favorably  with  wavelet  technique  [2].  A  direct  and  efficient 
2D  implementation  would  require  an  additional  large  buffer 
to  hold  intermediate  results  than  the  baseline  JPEG.  Further¬ 
more,  the  error  propagation  would  extend  beyond  8  scanlines, 
hi  our  system,  a  modulated  lapped  transform  (MLT)  [2]  is 
combined  with  a  DCT  to  form  the  basis  transformation.  The 
MLT  is  applied  along  the  scanline  direction  and  the  DCT  in 
the  other  direction.  The  hybrid  transform  enhances  the  perfor- 


scan 

convert 

8x8 

EDCT 

quantize 

USES 

Fig.  1.  JPEG  functional  modules 
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Fig.  2.  Enhanced  DCT  system  modules 
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mance  of  the  more  conventional  DCT,  and  is  termed  the 
Enhanced  DCT  (EDCT)  in  Fig,  2. 

In  addition  to  the  more  compact  transform,  a  second 
improvement  comes  from  the  use  of  an  adaptive  entropy 
coder,  the  universal  source  encoder  for  space  (USES), 
which  was  developed  for  space  use.  The  adaptive 
entropy  coder  is  based  on  the  Rice  algorithm  architec¬ 
ture  [3][4],  and  has  been  shown  equivalent  to  a  set  of 
Huffman  codes,  each  optimal  for  a  1-bit  entropy  range. 
A  major  advantage  of  this  algorithm  is  its  fast  adaptabil¬ 
ity  to  a  wide  range  of  data  statistics,  yet  its  implementa¬ 
tion  does  not  require  lookup  tables.  This  eliminates  the 
need  to  either  compute  an  local  optimal  Huffman  code 
or  to  transmit  one,  as  done  in  the  baseline  JPEG  with 
Huffman  code.  With  this  adaptive  technique,  there  will 
be  no  need  to  design,  load  and  transmit  the  Huffman 
code.  However,  it  does  require  a  different  run-length 
data  format  in  order  to  achieve  best  system  perfor¬ 
mance. 

PERFORMANCE 

The  performance  of  the  enhanced  system  is  tested  on 
many  types  of  images.  Two  sets  of  results  are  presented. 
Both  the  EDCT  and  the  JPEG  baseline  technique  are 
applied  to  the  same  data  set.  A  uniform  quantization 
table  has  been  used  for  the  EDCT  system.  Quantitative 
measurement  of  mean  square  error  (mse)  is  calculated 
on  the  decompressed  image.  The  bit-rate  (bits  per  pixel) 
vs.  mse  curves  are  shown  in  Fig.  3  and  Fig.  4  for  the 
images  given  in  Fig.  5  and  Fig.  6  respectively.  The  per¬ 
formance  curve  of  EDCT  in  solid  line,  in  general,  lies 
below  that  of  the  JPEG,  in  dashed  line  at  lower  bit  rate. 
Even  at  higher  bit  rate  around  1  bit^ixel,  when  the 
quantitative  measurement  is  similar  in  both  cases,  the 
perceptual  quality  is  better  for  the  EDCT  technique. 

STATUS  OF  DEVELOPMENT 

The  proposed  technique  has  been  simulated  in  soft¬ 


Fig.  3.  bit-rate  vs  mse  for  airport  image 


ware  on  various  types  of  remote  sensing  data  and  is  pro¬ 
posed  as  an  experiment  on  the  Lewis  spacecraft.  In  the 
experiment,  the  EDCT  technique  will  be  used  to  com¬ 
press  multispectral  data,  using  both  8x8  and  16x16 
EDCT.  As  a  comparison,  a  16x16  DCT  will  be  exer¬ 
cised  as  well. 

A  VLSI  hardware  chip  is  currently  under  develop¬ 
ment  for  execution  of  the  EDCT  module. 

The  adaptive  entropy  coder,  USES,  has  been  devel¬ 
oped  as  a  rad-hard  VLSI  chip.  It  is  implemented  as  a 
lossless  data  compression  module  on  the  Lewis  mission 
as  a  co-processor  in  the  spacecraft  computer.  The  USES 
algorithm  has  also  been  implemented  on  other  missions 
in  software. 

CONCLUSION 

The  performance  of  the  EDCT  system  exceeds  that  of 
JPEG  at  low  bit  rate.  Even  though  at  higher  bit  rate,  the 
quantitative  measurement  of  the  two  systems  are  simi¬ 
lar,  the  constraint  for  space  use  makes  the  EDCT  com¬ 
pression  system  a  more  suitable  choice  for  space  science 
missions. 
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Abstract^ 

In  this  article  we  describe  the  image  com¬ 
pression  scheme  of  the  Galileo  spacecraft 
and  other  downstream  signal  processing  algo¬ 
rithms  that  enable  efficient  and  robust  trans¬ 
mission  of  data  to  Earth. 

Introduction 

We  present  a  robust  implementation  of  the 
Galileo  image  compression  system.  Due  to 
the  loss  of  the  high  gain  antenna,  the  mis¬ 
sion  is  replanned  to  incorporate  advanced  data 
compression,  error  correction,  and  other  down¬ 
link  communication  functions  to  maximize 
data  return.  Most  instrument  data  will  be 
highly  edited  and  compressed  before  down¬ 
link  through  a  noisy  and  unpredictable  chan¬ 
nel.  The  data  compression  schemes  share  a 
common  disadvantage,  that  channel  errors  in 
the  compressed  data  tend  to  propagate  in  the 
reconstructed  data.  To  ensure  reliable  com¬ 
munication  we  developed  a  Feedback  Concate¬ 
nated  Decoder  (FCD)  for  error-correction  and 
error-detection,  and  a  concealment  strategy  to 


^This  work  was  performed  at  the  Jet  Propulsion 
Laboratory,  California  Institute  of  Technology,  un¬ 
der  contract  with  the  National  Aeronautics  and  Space 
Administration. 
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prevent  error  propagation  and  realign  the  re¬ 
constructed  data  after  decoder  failure.  We 
also  developed  a  frame  repair  scheme  that 
combats  phase  inversions  and  symbol  inser¬ 
tion/deletion  in  the  channel,  and  a  frame 
merging  scheme  that  prevent  data  loss  due  to 
station  hand-over. 

Image  Compression 

The  Galileo  image  compression  scheme  is 
a  block  based  lossy  image  compression  algo¬ 
rithm  which  uses  an  8x8  Integer  Cosine  Trans¬ 
form  (ICT)  [1].  The  algorithm  is  similar  in 
functionality  to  the  baseline  JPEG  standard 
which  converts  a  fixed  length  string  into  a  vari¬ 
able  length  string.  A  major  difference  between 
the  JPEG  standard  and  the  Galileo  compres¬ 
sion  scheme  is  that  the  JPEG  standard  uses 
an  8x8  Discrete  Cosine  Transform  (DCT).  The 
Integer  Cosine  Transform  (ICT)  is  an  inte¬ 
ger  approximation  of  the  DCT.  ICT  requires 
only  integer  arithmetic,  making  it  much  sim¬ 
pler  to  implement.  Although  the  ICT  has 
a  much  lower  complexity,  the  rate- distortion 
performance  is  not  sacrificed.  This  lower  com¬ 
plexity  of  the  ICT  is  necessary  because  the 
Galileo  spacecraft  uses  late  1970’s  micropro¬ 
cessor  technology. 
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Error  Correction 

The  Galileo  error-correction  coding  scheme 
uses  a  (255, k)  variable  redundancy  Reed- 
Solomon  (RS)  code  as  the  outer  code,  and  a 
(14,1/4)  convolutional  code  as  the  inner  code. 
The  RS  codewords  are  interleaved  to  depth  8 
in  a  frame.  The  redundancy  profile  of  the  RS 
codes  is  (94,  10,  30,  10,  60,  10,  30,  10).  The 
staggered  redundancy  profile  was  designed  to 
facilitate  the  novel  feedback  concatenated  de¬ 
coding  strategy  [2].  This  strategy  allows  mul¬ 
tiple  passes  of  channel  symbols  through  the 
decoder.  During  each  pass,  the  decoder  uses 
the  decoding  information  from  the  RS  outer 
code  to  facilitate  the  Viterbi  decoding  of  the 
inner  code  in  a  progressively  refined  manner. 
The  FCD  is  implemented  in  software  on  a  mul¬ 
tiprocessor  workstation.  The  code  is  expected 
to  operate  at  bit  signal-to-noise  ratio  (SNR) 
of  0.65  dB  at  a  bit  error  rate  of  10“^.  The 
FCD  code  selection  and  performance  analysis 
are  discussed  in  detail  in  [3]. 

If  the  FCD  cannot  decode  the  data,  due 
to  errors  beyond  its  capability  to  correct,  the 
FCD  will  invoke  the  “frame  repair”  utility  and 
the  “gap  processing”  utility.  Gap  processing 
involves  using  data  from  either  side  of  good 
decoded  data  and  attempts  to  fill  in  data  that 
was  missing  (the  gap)  because  of  loss  of  syn¬ 
chronization  or  hardware  glitches.  The  frame 
repair  utility  attempts  to  correct  any  symbol 
insertions,  deletions  or  inversions  due  to  trans¬ 
mission  reception  problem.  The  reprocessed 
data  is  then  fed  back  to  the  FCD  for  another 
attempt  at  decoding. 

Frame  Repair 

Sometimes  a  frame  is  received  that  has  ade¬ 
quate  SNR,  but  the  frame  markers  at  the  be¬ 
ginning  and  end  of  it  have  too  many  or  too  few 
symbols  in  between  them  and/or  have  oppo¬ 
site  phase.  This  indicates  that  some  symbols 
were  inserted  or  deleted  and/or  a  phase  inver¬ 
sion  occurred,  somewhere  in  the  frame.  (A 


phase  inversion  is  an  event  where  the  symbols 
after  it  are  detected  with  the  opposite  phase 
of  the  symbols  before  it.  So,  if  the  transmitted 
symbols  were  all  -hi,  the  received  symbols,  in 
the  absence  of  noise,  would  be  -hi  up  to  the 
inversion,  and  -1  for  all  symbols  after  that,  or 
at  least  until  the  next  phase  inversion.)  Be¬ 
cause  a  high  redundancy  Reed-Solomon  code¬ 
word  with  too  many  errors  is  vastly  more  likely 
to  not  be  decodable  than  to  decode  incorrectly, 
one  can  make  guesses  about  where  the  errors 
are  and  safely  assume  that  a  guess  is  correct 
if  it  results  in  a  decodable  codeword.  How¬ 
ever,  while  guessing  may  be  safe,  it  is  not 
likely  to  be  successful  unless  there  is  some  rea¬ 
son  for  making  a  particular  guess.  The  as¬ 
sumption  in  frame  repair  is  that  n  bits  were 
inserted  or  deleted,  and/or  a  phase  inversion 
occurred,  at  one  particular  but  unknown  lo¬ 
cation  in  the  frame.  The  guessing  involved  is 
restricted  to  guessing  this  location.  A  guess 
is  tested  by  creating  a  modified  version  of 
the  received  frame  with  the  appropriate  num¬ 
ber  of  symbols  inserted  or  deleted,  and/or  a 
phase  inversion  made,  at  the  guessed  location. 
The  frame  is  then  Viterbi  decoded,  the  result 
is  deinterleaved,  and  Reed-Solomon  decoding 
is  attempted  on  the  resulting  eight  words. 
If  the  highest  redundancy  Reed-Solomon  de¬ 
coder  succeeds,  it  is  extremely  likely  that  the 
guess  was  approximately  correct.  The  reason 
the  guess  need  not  be  exact  is  that  the  effect 
of  an  incorrect  guess  is  that  essentially  all  of 
the  Reed-Solomon  symbols  in  between  the  ac¬ 
tual  anomaly  location  and  the  guessed  one  are 
incorrect,  but  if  the  gap  is  small  enough,  the 
Reed-Solomon  decoder  can  correct  those  ad¬ 
ditional  errors.  Once  the  location  is  approx¬ 
imately  known,  the  guess  can  be  refined  by 
trying  nearby  locations  and  choosing  the  one 
that  minimizes  the  number  of  errors  the  Reed- 
Solomon  decoder  corrects.  Then  the  frame, 
modified  to  reflect  the  refined  guess,  is  sent  on 
to  the  FCD  for  redecoding.  But  how  are  the 
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guesses  made  in  the  first  place?  One  rather 
simple  minded  method  is  to  guess  each  of  the 
65536  symbol  locations  in  the  frame,  one  at  a 
time.  This,  however,  would  take  an  unreason¬ 
able  amount  of  time,  because  Viterbi  decoding 
is  slow.  Slightly  less  simple-minded  is  to  do  a 
binary  search,  since  you  only  need  to  get  close 
enough  to  the  correct  location.  Thus,  you  first 
guess  the  location  halfway  through  the  frame, 
then  1/4  of  the  way,  then  3/4,  then  1/8,  and 
so  on.  This  method,  in  fact,  is  used  when 
everything  fails,  but  it  can  still  take  a  very 
long  time  unless  you’re  lucky.  Before  resort¬ 
ing  to  this,  some  other  educated  guesses  are 
made.  If  any  of  the  following  methods  suc¬ 
ceeds,  meaning  that  the  highest  redundancy 
Reed-Solomon  decoder  succeeds,  the  guess  is 
then  refined  and  the  modified  frame  is  sent 
to  the  FCD,  as  explained  above.  If  not,  the 
next  method  is  tried.  First  method:  if  a  data 
rate  change  occured  at  some  point  during  the 
frame,  that  location  is  guessed,  since  anoma¬ 
lies  are  known  to  be  common  when  data  rate 
changes  occur.  Second  method:  the  end  of 
the  frame  is  tried  as  a  guess,  which  means 
that  the  frame  is  Viterbi  decoded  as  is.  The 
branch  metrics  along  the  decoded  path  are 
saved,  for  use  in  the  next  step  in  case  this 
method  doesn’t  succeed.  Third  method:  if 
insertions  or  deletions  are  known  to  have  oc¬ 
curred,  the  branch  metrics  mentioned  above 
are  analyzed.  Although  the  effect  is  subtle 
when  SNR  is  low,  the  mean  value  of  the  met¬ 
rics  will  be  slightly  higher  after  the  location  of 
the  anomaly  is  reached  than  before  it.  This 
analysis  results  in  an  estimate  of  where  this 
increase  occurred,  and  this  estimate  is  used 
as  the  next  guess.  Fourth  method:  if  only 
a  phase  inversion  is  known  to  have  occurred 
(i.e.  the  frame  is  the  correct  length,  but  the 
markers  on  either  end  have  opposite  phase) 
the  transparency  of  the  Galileo  (14,  1/4)  con¬ 
volutional  code  means  that  the  output  of  the 
Viterbi  decoder,  after  a  transient  in  the  vicin¬ 


ity  of  the  inversion,  is  the  same  as  it  would 
have  been  without  an  inversion,  except  with 
opposite  sign.  Thus,  in  this  special  case,  one 
can  make  multiple  guesses  without  having  to 
Viterbi  decode  a  whole  frame  each  time.  It 
is  only  necessary  to  invert  all  the  Viterbi  de¬ 
coded  symbols  (from  the  original  frame)  after 
the  guessed  location  and  then  attempt  Reed- 
Solomon  decoding.  A  binary  search  is  used  to 
make  guesses  throughout  the  frame,  each  of 
which  can  quickly  be  tested.  Fifth  method: 
the  last  resort  is  the  binary  search  described 
previously.  If  this  fails,  frame  repair  is  not  ac¬ 
complished. 

Frame  Merging 

Because  of  the  large  frame  size  (65536  sym¬ 
bols)  and  low  bit  rates  that  Galileo  will  be 
using,  a  single  frame  will  take  close  to  half  an 
hour  to  transmit  at  the  lowest  bit  rate.  The 
lowest  bit  rate  is  used  near  the  beginning  and 
end  of  a  pass,  when  the  SNR  is  lowest,  and  it  is 
not  unlikely  that  a  frame  that  starts  out  with 
adequate  SNR  may  not  be  completed  before 
the  signal  is  lost,  or  becomes  noisy  enough  to 
render  the  whole  frame  undecodable.  Because 
the  ground  stations  have  overlapping  coverage, 
the  next  station  may  pick  up  the  signal  in  the 
middle  of  the  same  frame.  Thus,  each  of  two 
stations  may  have  an  incomplete  and/or  too 
noisy  version  of  the  same  frame.  Because  of 
the  nature  of  the  redecoding  algorithm,  a  par¬ 
tial  frame  by  itself  is  essentially  useless.  Since 
the  best  part  of  each  frame  is  the  worst  part 
of  the  other,  it  seems  obvious  to  try  to  paste 
them  together  somehow.  If  the  SNR  at  the 
crossover  point,  where  the  falling  SNR  at  the 
first  station  equals  the  rising  SNR  at  the  sec¬ 
ond,  is  high  enough,  one  could  make  a  good 
frame  by  just  using  the  symbols  from  the  first 
station  up  to  that  point  and  from  the  sec¬ 
ond  station  after  that  point.  However,  even  if 
the  SNR  at  the  crossover  point  is  significantly 
below  the  decoding  threshold,  by  adding  the 
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symbols  from  the  two  frames  together,  3  dB 
could  theoretically  be  gained  in  the  vicinity  of 
the  crossover  point,  assuming  the  noise  at  the 
two  stations  is  independent,  a  reasonable  as¬ 
sumption.  Farther  from  the  crossover  point, 
one  could  still  combine  symbols  from  the  two 
frames,  but  with  weights  reflecting  their  rela¬ 
tive  SNR’s.  Note  that  this  requires  estimates 
of  the  SNR  throughout  both  frames,  and  that 
the  results  can  be  expected  to  depend  on  the 
accuracy  of  these  estimates.  An  additional 
problem  arises,  however:  low  SNR  not  only 
makes  symbols  noisy,  it  can  also  cause  symbol 
insertions  and  deletions.  One  way  this  could 
be  detected  is  if  the  frame  markers  both  be¬ 
fore  and  after  a  frame  were  detected,  and  the 
number  of  symbols  in  between  was  greater  or 
less  than  65536.  Since  frame  markers  can  be 
detected  at  SNR’s  way  below  the  threshold 
of  decodability,  this  is  not  unlikely.  Notice, 
however,  that  this  does  not  give  any  informa¬ 
tion  about  where  in  the  frame  symbols  were 
inserted  or  deleted.  To  try  to  And  the  approx¬ 
imate  location  of  any  insertions  or  deletions, 
dynamic  programming  is  used.  Basically,  the 
idea  is  to  try  to  maximize  the  correlation  be¬ 
tween  the  two  frames,  by  deleting  or  insert¬ 
ing  various  symbols.  This  is  possible  whether 
or  not  the  existence  of  insertions  or  deletions 
in  one  or  both  frames  was  detected  via  count¬ 
ing  symbols  between  frame  markers;  the  latter 
just  reduces  the  number  of  possibilities  that 
must  be  considered.  The  result  of  this  algo¬ 
rithm  is  a  small  number  of  candidate  merged 
frames,  that  must  then  be  sent  to  the  FCD  to 
attempt  decoding. 

Error  Containment 
If  all  these  attempts  fail  to  correct  the  data, 
then  the  Anal  step  is  to  minimize  error  prop¬ 
agation.  Because  any  corruption  of  data  in  a 
compressed  data  stream  can  cause  magnified 
errors  due  to  propagation,  safeguards  were  in¬ 
troduced  into  the  compresseddata  stream  to 


minimize  these  effects. 

First,  images  are  compressed  independently 
by  rows  of  8,  with  a  synchronization  marker 
inserted  at  the  beginning,  so  any  bit  errors 
during  data  transmission  can  be  isolated. 

Second,  the  decompression  algorithm  in¬ 
cludes  provisions  for  detection  of  errors  so  that 
error  containment  mode  will  be  activated. 

These  two  safeguards  are  used  together  in 
the  following  manner:  if  an  error  is  detected 
during  decompression,  the  decompression  al¬ 
gorithm  will  start  a  search  for  the  synchro¬ 
nization  marker.  This  marker  is  32-bits  wide 
which  consists  of  2  fields.  A  7-bit  sequencing 
field  and  a  25-bit  fixed  pattern  field.  The  7- 
bit  field  will  identify  where  the  8-rows  of  data 
belongs  relative  to  the  whole  image  and  the 
25-bit  field  is  used  for  synchronization.  Us¬ 
ing  these  safeguards,  error  propagation  can  at 
most  be  isolated  to  16-rows  of  image  data. 
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1.  INTRODUCTION 

The  large  number  of  spectral  bands  in  hyper-spectral  im¬ 
ages  lead  to  an  enormous  amount  of  data.  In  order  to 
manage  the  large  data  requirements,  some  form  of  data 
compression  is  required.  Recent  studies  on  AVIRIS  data 
have  indicated  that  the  presence  of  sensor  noise  limits  the 
amount  of  compression  that  can  be  obtained  by  any  loss¬ 
less  compression  scheme  [6].  This  is  supported  by  the 
fact  that  the  best  results  reported  in  the  literature  on 
compression  of  AVIRIS  data  seem  to  be  in  the  range  of 
5-6  bits  per  pixel  [4,  7].  Increased  compression  can  be 
obtained  with  lossy  compression  techniques  [2,  8].  Lossy 
schemes  have  been  shown  to  provide  very  high  compres¬ 
sion  ratios  with  little  or  no  loss  in  visual  fidelity.  Lossy 
compression,  however,  may  not  be  desirable  in  many  cir¬ 
cumstances  due  to  the  uncertainty  of  the  effects  caused  by 
lossy  compression  on  subsequent  scientific  analysis  that  is 
performed  with  the  image  data.  One  compromise  then  is 
to  use  a  bounded  distortion  (or  nearly-lossless)  technique 
which  guarantees  that  each  pixel  in  the  reconstructed  im¬ 
age  is  within  e  counts  of  the  original. 

In  this  paper,  we  propose  a  new  approach  for  compres¬ 
sion  of  hyper-spectral  images  that  can  provide  a  bound 
on  the  distortion  introduced.  The  technique  involves  an 
adaptive  re-ordering  of  the  spectral  components  of  each 
pixel.  This  re-ordering  adaptively  exploits,  on  a  pixel-by¬ 
pixel  basis,  the  presence  of  inter-band  correlations  by  clus¬ 
tering  together  the  bands  that  have  similar  intensity  val¬ 
ues.  The  re-ordered  components  are  then  approximated 
by  a  piece- wise  linear  function  to  a  given  specified  toler¬ 
ance  6.  Entropy  coded  parameters  of  this  piece- wise  linear 
approximation  are  transmitted  to  the  receiver. 

The  proposed  approach  takes  advantage  of  spatial  and 
spectral  correlations  in  hyper-spectral  data  sets,  poten¬ 
tially  leading  to  improved  compression  over  standard  nearly 
lossless  techniques  that  encode  the  image  spatially  one 
band  at  a  time.  Preliminary  results  demonstrating  the 
effectiveness  of  the  approach  are  presented. 


2.  SPECTRAL  RE-ORDERING  AND  LINEAR 
PREDICTION 

Recent  studies  indicate  that  correlations  in  a  multi-spectral 
data  set  are  highest  along  the  spectral  dimension  [10].  For 
hyper-spectral  data  sets  it  is  also  known  [5]  that  for  ho¬ 
mogeneous  ground  features,  intensity  values  in  different 
bands  are  related  by  a  multiplicative  factor  of  the  form 

I[i,  j,  r]  =  arsl[i,  j,  s]  +  (ir, 

where  /:]  is  the  intensity  value  at  spatial  location 

in  band  k.  However,  it  has  been  observed  in  [3] 
that  in  hyper-spectral  data,  bands  which  are  spectrally 
far  apart  can  be  highly  correlated.  Hence  the  question  of 
band  selection  arises.  That  is,  which  band(s)  are  the  best 
to  use  for  predicting  intensity  values  in  a  given  band.  In 
[9] ,  it  was  shown  that  significant  compression  benefits  can 
be  obtained  by  re-ordering  the  bands  of  multi-spectral  im¬ 
ages,  prior  to  prediction.  The  problem  of  computing  an 
optimal  ordering  was  formulated  in  a  graph  theoretic  set¬ 
ting,  admitting  an  0{N^)  solution  for  an  //-band  image. 

Although  significant  improvements  were  reported,  one 
major  limitation  of  this  approach  is  the  fact  that  it  is 
two-pass.  An  optimal  ordering  and  corresponding  pre¬ 
diction  coefficients  are  first  computed  by  making  an  en¬ 
tire  pass  through  the  data  set.  Another  limitation  of  the 
approach  is  that  it  re-orders  entire  bands.  That  is,  it 
makes  the  assumption  that  spectral  relationships  do  not 
vary  spatially.  The  optimal  spectral  ordering  and  pre¬ 
diction  co-efficients  may  change  spatially  depending  on 
the  composition  of  the  objects  being  imaged.  This  lat¬ 
ter  fact  is  taken  into  account  in  by  Rao  and  Bhargava 
[5] ,  who  also  re-order  spectral  bands  in  order  to  optimize 
inter-band  prediction.  However,  since  the  optimal  predic¬ 
tion  co-efficients  and  spectral  ordering  changes  spatially, 
they  partition  the  image  into  blocks,  and  compute  optimal 
predictors  on  a  block- by-block  basis.  The  predictor  coef¬ 
ficients  are  then  transmitted  as  overhead.  Large  blocks 
are  required  to  keep  the  overhead  reasonably  small  and 
this  leads  to  poorer  prediction  performance  as  compared 
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resulting  vector  he  X  =z  (£1^x2^ . . . ,  x'n)  where, 


Figure  1:  The  spectral  components  of  a  pixel  before  and 
after  re-ordering 


to  that  obtained  with  a  smaller  block.  Furthermore,  they 
also  found  that  using  the  previous  band  for  prediction 
gives  results  that  are  very  close  to  those  obtained  after 
computing  an  optimal  ordering. 

In  this  paper,  we  propose  a  new  approach,  applicable  to 
nearly-lossless  compression  of  hyper-spectral  images.  Ac¬ 
cording  to  this  approach,  an  adaptive  re-ordering  of  the 
spectral  components  of  each  pixel  is  performed  prior  to 
prediction  and  encoding.  This  re-ordering  exploits,  on 
a  pixel- by-pixel  basis,  the  presence  of  inter-band  correla¬ 
tions  for  prediction.  Furthermore,  the  proposed  approach 
takes  advantage  of  spatial  correlations,  and  does  not  in¬ 
troduce  any  coding  overhead  to  transmit  the  order  of  the 
spectral  bands.  This  is  accomplished  by  using  the  as¬ 
sumption  that  two  spatially  adjacent  pixels  are  expected 
to  have  similar  spectral  relationships.  We  thus  have  a  sim¬ 
ple  technique  to  exploit  spectral  and  spatial  correlations 
in  hyper-spectral  data  sets. 

Given  a  composite  pixel  X  from  an  n  band  image,  X  = 
(a^i,  iC2, . . .  j  let  a  be  a  permutation  on  n  points  that 
sorts  the  components  of  X  in  ascending  order  and  let  the 


—  ^<7(1)  ^  ^2  —  ^<7(2)  ^  ^  —  ^<7(iV) 

It  is  clear  intuitively  that  the  vector  X  is  more  amenable 
to  approximation  by  a  linear  model  as  compared  to  the 
original  vector  X.  Furthermore,  the  sorting  step  brings 
closer  spectral  components  that  might  have  been  widely 
separated  in  the  original  data  although  they  are  highly 
correlated  with  one  another  and  have  similar  intensities. 

In  figure  1  we  plot  the  spectral  components  of  a  random 
pixel  selected  from  an  AVIRIS  image.  The  dotted  plot  is 
the  components  in  original  order  and  the  solid  line  plots 
the  components  re-arranged  in  ascending  order.  It  can  be 
clearly  seen  from  this  figure  that  that  the  re-ordered  vec¬ 
tor  X  can  be  better  approximated  by  a  linear  model  using 
a  given  number  of  parameters  as  compared  to  the  original 
vector  X,  For  example,  if  we  wish  to  approximate  X  with 
a  piecewise  linear  function,  we  would  expect  to  do  so  with 
fewer  segments  as  compared  to  the  piecewise  approxima¬ 
tion  of  the  original  vector  X,  The  problem  with  this  ap¬ 
proach  is  the  fact  that  the  sorting  permutation  is  different 
for  different  pixels.  The  overhead  incurred  by  explicitly 
transmitting  the  sorting  permutation  for  each  pixel  turns 
out  to  be  prohibitively  high.  Hence,  we  employ  predictive 
ordering^  that  is,  a  prediction  is  performed  for  the  sort¬ 
ing  permutation  based  on  previously  reconstructed  pixels 
and  the  current  pixel  X  is  reordered  according  to  this 
predicted  permutation.  If  X  and  Y  are  spatially  adja¬ 
cent  pixels  of  a  hyper-spectral  image,  then  the  permuta¬ 
tion  that  sorts  X  into  ascending  order,  usually  serves  as 
a  good  approximation  of  the  permutation  that  sorts  Y . 
For  example  in  figure  1  we  also  show  the  pixel  plot  after 
re-ordering  with  respect  to  the  sorting  permutation  a  of 
a  neighboring  pixel.  The  resulting  plot  of  spectral  com¬ 
ponents  is  almost  in  ascending  order  and  is  difficult  to 
distinguish  from  the  plot  of  components  given  in  ascend¬ 
ing  order.  In  the  next  section  we  describe  a  technique  for 
effectively  modeling  the  predictively  ordered  vector. 

3.  A  BOUNDED  DISTORTION 
COMPRESSION  TECHNIQUE 

As  noted  before,  once  a  vector  has  been  reordered  we  can 
approximate  it  well  by  a  piecewise  linear  function.  In 
recent  work,  Bhaskaran  et.  al.  [1]  have  given  an  opti¬ 
mal  algorithm  for  waveform  approximation  with  a  piece- 
wise  linear  function  at  a  specified  error  tolerance  e.  This 
gives  us  a  simple  and  effective  bounded  distortion  com¬ 
pression  technique  for  multi-spectral  image  data.  Specifi¬ 
cally,  given  a  distortion  bound  e  and  a  multi-spectral  im¬ 
age  in  band-pixel-interleaved  raster  order,  we  do  a  pre¬ 
dictive  re-ordering  of  the  current  pixel,  getting  an  almost 
sorted  vector.  A  piece-  vise  linear  approximation  of  the 
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Re-ordering 

No 

re-ordering 

%  Loss 

0.25 

0.5 

1.0 

0.25 

0.50 

1.0 

No.  pts. 

80 

53 

32 

128 

100 

71 

Max  Diff. 

11 

21 

41 

11 

22 

42 

Min  Diff. 

-11 

-21 

-41 

-11 

-21 

-41 

Avg  Diff. 

0.24 

0.89 

0.93 

-0.37 

-0.88 

-0.51 

Abs.  Diff. 

5.41 

9.71 

16.9 

6.39 

11.88 

20.50 

Est.  rate 

2.98 

2.18 

1.47 

5.02 

4.19 

3.23 

Table  1:  Results  of  piece- wise  linear  approximation  with 
and  without  predictive  re-ordering 


vector  is  transmitted  after  entropy  coding  of  the  parame¬ 
ters.  There  are  various  options  available  for  predicting  the 
sorting  permutation  of  the  current  pixel  and  for  entropy 
coding  model  parameters.  In  this  work  we  obtained  the 
sorting  permutation  by  arranging  the  average  intensity 
values  of  the  vertical,  horizontal  and  left-diagonal  recon¬ 
structed  neighbors  of  the  current  pixel  in  ascending  order. 

In  Table  1  we  show  some  preliminary  results  obtained 
with  the  simple  approach  described  above.  The  results 
were  obtained  from  a  portion  of  an  AVIRIS  image  of  the 
Cuprite  Mining  District,  Cuprite,  Nevada.  The  image 
contained  200  samples,  200  lines,  and  224  spectral  bands. 
Piece-wise  linear  approximation  was  performed  with  and 
without  predictive  ordering.  The  distortion  e  was  set  to 
0.25,  0.5  and  1.0%  of  the  dynamic  range  of  the  pixel  be¬ 
ing  approximated.  It  can  be  seen  that  the  number  of 
segments  needed  to  approximate  a  pixel  in  the  spectral 
dimension  reduces  dramatically  if  a  predictive  ordering 
step  is  carried  out  prior  to  approximation.  The  bit  rate 
estimates  shown  in  Table  1  were  obtained  by  taking  the 
zero- order  entropy  of  the  difference  values  of  successive 
X  co-ordinates  of  the  piece- wise  linear  function  obtained. 
To  this  we  added  the  zero-order  entropy  of  the  prediction 
error  for  the  y  co-ordinates  using  a  simple  and  fixed  lin¬ 
ear  predictor.  It  should  be  noted  that  these  bit-rates  are 
very  conservative  and  further  reduction  can  be  obtained 
by  more  sophisticated  error  modeling  techniques  prior  to 
entropy  coding.  Furthermore,  the  sub-optimal  algorithm 
mentioned  in  [1]  was  used  for  obtaining  a  piece-wise  lin¬ 
ear  approximation.  A  25-50%  reduction  in  the  number  of 
line  segments  can  be  obtained  by  using  the  optimal  algo¬ 
rithm  which  is  considerably  more  complex.  Our  intention 
here  is  to  show  the  improvements  that  can  be  obtained  by 
predictive  re-ordering. 

4.  CONCLUSIONS  AND  FUTURE  WORK 

We  have  presented  in  this  paper  a  new  approach  for  nearly 
lossless  compression  of  multi-spectral  image  data  that  ex¬ 
ploits  both  spectral  and  spatial  correlations  in  a  simple 


and  adaptive  manner.  What  we  have  described  in  this 
paper  is  just  one  choice  of  predictor,  re-ordering  and  en¬ 
coding.  A  number  of  alternatives  can  be  used.  Implemen¬ 
tation  results  with  a  few  different  choices  schemes  are  cur¬ 
rently  under  investigation  and  will  will  be  described  in  the 
full  version  of  the  paper.  Also,  we  need  to  make  more  de¬ 
tailed  comparisons  of  compression  performances  obtained 
with  other  lossy  and  nearly-lossless  schemes  given  in  the 
literature. 
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Abstract  -  It  is  shown  that  the  generalized  recursive 
interpolation  algorithm  (GRINT)  proposed  is  the  most 
effective  hierarchical  technique  for  reversible  compression  of 
images  that  typically  occur  in  remote  sensing.  The  main 
advantage  of  the  novel  scheme  with  respect  to  other  noncausal 
DPCM  schemes  is  that  interpolation  is  performed  from  all 
error-free  values,  thereby  reducing  the  variance  of  residuals. 
Tests  on  LandSat,  NOAA/AVHRR,  MeteoSat,  and  SPOT 
images  show  that  GRINT  outperforms  established  hierarchical 
techniques,  and  also  lossless  JPEG  and  optimum  DPCM  when 
dealing  with  SPOT  data,  with  the  further  advantage  that 
GRINT  makes  error-free  tokens  available  at  any  resolution, 
thereby  expediting  remote  browsing  on  large  image  data-bases. 

INTRODUCTION 

Data  transmission  and  archiving  are  crucial  topics  in  Remote 
Sensing,  where  the  evolution  of  technology  makes  multi¬ 
temporal  data  available  at  increasing  spatial,  spectral,  and 
radiometric  resolution.  Consequently,  the  need  of  efficient  data 
compression  algorithms  is  becoming  more  and  more  pressing. 

Compression  efficiency  can  be  high  with  acceptable  visual 
quality  when  standard  techniques,  such  as  JPEG  [1],  are 
utilized;  however,  only  in  those  applications  where 
reconstruction  errors  are  tolerated.  When  lossless  coding  is 
mandatory,  compression  ratios  greater  than  2  or  5  can  hardly 
be  obtained  [2],  due  to  the  intrinsic  noisiness  of  sensors 
imaging  at  high  spatial  and/or  spectral  resolution. 

The  two  stages  of  lossless  compression  are  decorrelation  and 
entropy  coding  [3].  Differential  pulse  code  modulation 
(DPCM)  techniques  are  usually  efficient  in  decorrelating 
image  data  [4].  Moreover,  a  noncausal  version  of  DPCM  can 
be  implemented  in  a  hierarchical  way  [5], [6],  thus  producing 
high-quality  intermediate  versions  (tokens)  of  the  input  images 
at  increasing  spatial  resolutions.  Data  retrieval  and 
transmission  can  be  achieved  in  a  progressive  fashion,  either 
by  stopping  the  process  at  the  requested  resolution  level,  or  by 
recognizing  that  the  image  being  retrieved  is  no  longer  of 
interest.  However,  for  lossless  schemes  progressiveness  is 
usually  achieved  with  a  small  performance  penalty  with 
0-7803-3068-4/96$5.00©1996  IEEE 


respect  to  reference  DPCM  (i.e.,  4-pel  optimum  causal  auto¬ 
regressive  prediction  [4]),  mostly  due  to  accumulated  aliasing. 

In  this  work  we  suggest  a  modified  version  of  the 
Hierarchical  INTerpolation  (HINT)  algorithm  [5],  employing 
a  separable  generalized  interpolation  [6],  instead  of  a 
nonseparable  bilinear  interpolation,  for  image  expansion. 

The  original  image  is  first  recursively  decimated  by  2 
alternately  along  either  rows  or  columns,  thus  creating  a  gray- 
level  binary  pyramid  (i.e.,  a  pyramid  whose  number  of  pixels 
halves  at  every  layer).  First  the  top  of  the  pyramid  is  DPCM 
encoded;  then  the  difference  between  pairs  of  top-to-bottom 
successive  pyramid  layers  -the  half-resolution  ones  being  1-D 
interpolated  to  match  the  sizes  of  their  underlying  versions-  is 
entropy  coded  and  stored,  in  order  to  retrieve  the  image. 

Performance  are  evaluated  by  comparing  GRINT  with  S- 
Transform  [7],  and  HINT  which  are  recognized  as  the  most 
effective  algorithms  for  lossless  progressive  image  coding. 
Optimum  4-pel  regression  DPCM  and  lossless  JPEG  [1]  are 
also  considered  for  completeness  of  comparisons  [8],  although 
they  are  not  progressive.  GRINT  and  all  the  above  mentioned 
algorithms  are  non-redundant,  since  the  number  of  differential 
data  to  encode  equals  exactly  the  number  of  image  pixels. 

GENERALIZED  RECURSIVE  INTERPOLATION 

Let  {G(m,n),  m  =  -  I;  n  -  -  1}^  M  =  p  x  2^, 

and  V  =  ^  X  2^,  be  an  integer-valued  image,  p,  q,  and  K  e  N. 
The  set  of  down-sampled  images  {Gf.,k  =  0,1,.,, 2K] 

for  m  =  .  1,  n  =  -  1 

constitutes  a  binary  pyramid,  i.e.,  a  pyramid  whose  number  of 
pixels  halves  between  successive  levels;  k  denotes  pyramid 
level  and  2K  the  p  x  ^  top  or  root,  8^,  5„  €  {0,1},  with  8^  + 
8„  =  7  define  the  direction  along  which  samples  are  decimated 
first.  Figure  1  shows  that  two  pyramids  exist,  depending  on 
whether  (8^,8„)  =  (7,0)  or  (0,7),  whose  even-order  levels  coincide. 
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Figure  1.  Example  of  binary  pyramids  with  alternate 
decimation  by  2;  m-axis  top-to-bottom,  n-axis  left-to-right. 


The  Generalized  Recursive  INTerpolation  (GRINT)  is 
defined  as  H2K(m,n)  =  G2K(ni,n),  and  for  k  =  0,I,..,2K  -  7  as; 


i=-L 

(m+/(S^©ft))mod(2*'’'®  *)  -  0 
*)  -0 


2*-®* 


-*5  ©it 


m 


where  m  =  -  1,  n  =  -  1, 

while  [•]  and  ©  denote  roundoff  to  integer  and  modulo-2 
addition,  respectively.  If  a  half -band  filter  [6]  is  used  for 
interpolation,  then  it  stems  that  Hfm,n)  -  0,  k  -  0,..,K  -  7, 
and  either  of  m  orn  even,  as  interpolation  preserves  the  values 
of  the  original  decimated  samples,  thus  yielding  null  errors. 


Figure  2.  Base-band  and  interpolation  errors  from  GRINT 
accommodated  in  subband-like  regions:  K  ^  2,  =  (0,1), 


A  7-tap  half-band  filter  (L  =  3)  was  chosen  for  interpolation 
e(0)  =  l;  e(±l)=b\  e(±2)=0;  e(±3)=0.5-h 

b  is  an  adjustable  parameter  determining  the  shape  of  the 
frequency  response,  which  is  plotted  in  Figure  3.  The  values 
b  =  0.5,  and  b  =  0.5625  yield  linear  and  cubic  interpolation, 
respectively.  Such  a  parameter  should  be  tuned  to  the  detail 
content  of  the  images  to  be  coded.  As  a  tendency  images  with 
sharp  edges  benefit  from  little  selective  frequency  responses 
(e.g.,  b  =  0.475),  while  a  higher  value  of  b  is  better  for 
smooth  images,  although  frequency  overshoot,  which  starts 
with  b  >  0.5625,  actually  prevents  from  using  b  >  0.625. 


Frequency  response 


Figure  3.  Frequency  response  of  the  parametric  kernel  (3)  for 
half-band  interpolation  at  different  values  of  b. 


S-TRANSFORM 


The  S-Transform  [7],  is  a  multiresolution  orthogonal 
transformation  based  on  the  Walsh-Hadamard  Transform 
(WHT)  [4],  having  the  attractive  feature  of  an  algorithm 
consisting  only  of  sums  and  differences.  A  singular  property 
of  the  WHT  coefficients,  possessing  all  the  same  parity  when 
coming  from  integer  samples,  has  been  exploited  for  lossless 
coding,  to  yield  integer  coefficients  and  saving  extra  bits; 


5 


k,m,n 


^ k,m,n-r\  k,m+l,n 


(4a) 


k,m+\,n 


k,m,n-^l 


^k,m,n  ^^k,m,n+l  ^k,m-*-l,n 


^k,m,n  ^k,m,n+l  ^  k,m+l.n^l  k,m-^l,n 


(4b) 


(4c) 


for  k  =  0,1, ...,K  -  1;  m  =  0,2,..., M/2'''  -  2;  n  =  0,2,..., A/2*  -  2, 
with  Go_„,„  &  G(m,n)  (i.e.,  the  M  x  A  image)  and  ^k+I,m,n  “  ^k,m,n' 


Figure  2  shows  that,  since  one  half  of  interpolation  errors  is 
identically  zero,  the  transformation  is  non-expansive,  viz.,  the 
number  of  decorrelated  data  equals  the  number  of  image  pixels. 
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Besides  saving  two  bits  (by  dividing  by  4)  in  the  base-band 
coefficients  ^  „  (4a),  also  the  co-diagonal  terms  (4(b-c))  may 
be  divided  by  2  without  affecting  reversibility. 

The  low-frequency  coefficients  are  thus  further 

decomposed  according  to  (4(a-d)),  in  order  to  yield  a  wavelet 
space-frequency  representation  [9],  in  which  spatial  details  are 
accommodated  into  dyadic  subband-like  regions  depending  on 
their  spatial  frequencies.  Hence,  S-Transform  may  be  regarded 
as  a  zero-order  wavelet  transform,  based  on  such  a  polynomial 
approximation  of  the  finite-support  wavelet  function. 

CODING  RESULTS  AND  COMPARISONS 

A  test  set  of  remote  sensing  8-bit  images  comprises 
Meteosat  (visible  band)  and  NOAA/AVHRR  (Band  5), 
Landsat  Thematic  Mapper  (TM)  (Band  5),  and  Panchromatic 
SPOT.  Figure  4  shows  performances  of  GRINT  compared 
with  HINT,  S-Transform,  JPEG,  and  DPCM  with  4-pel  auto¬ 
regressive  (AR)  prediction  [4], [8].  Zeroth  order  entropy  of 
decorrelation  residuals  has  been  calculated  for  all  the 
algorithms,  including  lossless  JPEG. 

5.5  -T— - 


NOAA  METEOSAT  SPOT  LANDSAT 

□  4-AR  E  JPEG  H  S-TR 

■  HINT  H  GRINT 

Figure  4.  Entropy  of  the  residuals,  in  bit/pel,  from  the  four 
types  of  image:  GRINT  compared  with  S-transform,  HINT, 
JPEG,  and  4-pel  regression  DPCM. 

All  progressive  algorithms  work  with  A"  =  i,  i.e.,  7  levels  of 
decomposition  for  GRINT,  4  for  both  HINT  and  S-Transform. 
A  further  parameter  which  must  be  set  for  GRINT  is  the  pair 
(8^,5„)  which  drives  the  order  of  interpolation.  The  first  stage 
(e.g.,  that  originating  H{3)  in  Fig.  2)  should  better  be 
performed  along  the  direction  of  minimum  correlation.  In  fact, 
interpolation  errors  will  be  larger  in  average  but  one  half  in 
number.  The  last  stage  which  involves  the  largest  number  of 
residuals  will  therefore  be  along  the  maximum  correlation  axis. 


CONCLUSIONS 

A  novel  algorithm  for  multiresolution  image  decorrelation 
has  been  introduced  and  assessed  on  a  test  set  of  remotely 
sensed  images.  It  is  based  on  a  recursive  1-D  parametric 
interpolation  by  two  performed  from  all  error-free  values 
following  a  pyramid  whose  number  of  pixels  doubles  at  each 
stage.  The  choice  of  the  maximum  correlation  direction  along 
which  samples  from  the  base-band  are  interpolated  first 
provide  a  saving  of  about  0.1  bit/pel.  Lossless  coding 
capability  is  greater  than  that  of  other  hierarchical  schemes, 
comparable  with  JPEG,  and  slightly  poorer  than  optimum 
regression  DPCM,  except  for  PAN-SPOT  images,  for  which 
GRINT  outperforms  the  other  methods.  Since  multi-band  (i.e., 
inter-frame)  decorrelation  is  usually  employed  for  Landsat  TM 
[8]  and  multispectral  image  data,  interest  for  intra-frame 
decorrelation  will  be  mainly  addressed  to  SPOT  data. 
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Abstract  —  Segmentation-based  motion  compensation  is 
used  in  combination  with  Adaptive  wavelet  packet 
transform  for  compressing  image  .sequences.  Motion 
compensation  and  estimation  are  performed  at  both  encoder 
and  decoder  so  that  the  region  shape  information  need  not 
be  transmitted  and  only  the  changed  vectors  are 
transmitted.  This  is  very  useful  in  low  bit-rate  applications. 
Also  the  adaptive  wavelet  packet  transform  used  promises  a 
very  faithful  representation  of  the  images. 

INTRODUCTION 

Image  sequence  coding  has  become  a  necessity  in  areas 
like  teleconferencing,  broadcast  television  and  multimedia 
applications.  Image  sequence  compression  is  achieved  by 
the  removal  of  temporal  and  spatial  redundancies.  The  most 
widely  used  schemes  make  use  of  motion  compensation  to 
decorrelate  the  data  along  the  temporal  direction  and  block¬ 
matching  algorithms  for  motion  estimation  [5].  The  spatial 
redundancy  is  removed  using  any  transform  like  the 
Discrete  cosine  transform/  Wavelet  transform  in 
combination  with  a  quantizer.  The  block-based  methods 
however  lead  to  block  artifacts,  especially  in  low  bit-rate 
applications.  Segmentation-based  techniques  have  proven 
to  be  useful  in  avoiding  the  block  effects  [6],  This  paper 
proposes  to  use  a  segmentation-based  motion  compensation 
algorithm  in  c  nbination  with  the  adaptive  wavelet  packet 
transform  for  image  sequence  coding. 
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A 

frames.  The  segmented  reconstructed  frame  along 

with  the  motion  vectors  of  every  moving  region  give  a 
motion-compensated  frame.  The  differential  error  signals 

are  then  calculated  by  subtracting  the  predicted  frame 

from  the  original,  and  encoded  using  adaptive  wavelet 
packet  transform. 

MOVING  OBJECT  DETECTION 

Moving  object  detection  consists  of  segmentation, 
change  detection  and  merging  of  small  regions.  The 

A 

previously  reconstructed  image  frame  is  segmented, 

A 

compared  with  /^_2  for  detecting  the  changed  regions  and 

visually  insignificant  changed  segments  are  merged.  For 
segmentation,  the  image  pixels  are  scanned  in  one  pass 
from  left  to  right  and  top  to  bottom.  Assuming  the  very  first 
pixel  scanned  as  the  first  segment,  at  each  pixel  the  average 
gray  levels  of  all  image  segments  neighboring  that  pixel  are 
compared.  Segments  are  merged  if  their  differences  in 

average  gray  levels  do  not  exceed  a  threshold 

Ts  =  v^Tp  (1) 

where  w  is  a  weighing  factor  such  that  0<w<l 


THE  CODING  ALGORITHM 

The  proposed  algorithm  uses  a  combination  of  motion- 
compensated  prediction  scheme  and  adaptive  wavelet 
packet  transform  coding.  Motion-compensation  based 

prediction  involves  moving  object  detection,  motion  .  ,  ^  , 

'  the  current  pixel,  G  is  the  number  of  gray  levels  in  the 

estimation  and  compensation.  Let  denote  the  current  image,  and  m  &  d  are  the  parameters  to  control  the  number 

of  segments  created  in  the  image,  is  the  upper  limit  of 

frame.  Its  prediction  /„  is  obtained  by  motion- 

ip.  Similarly,  the  current  pixel’s  intensity  value  is 

A  ^ 

compensation  ofthe  previously  reconstructed  frame compared  with  the  average  intensity  values  of  the 

neighboring  segments  and  merged  with  the  closest  segment 

_  ^,.^in  which  their  intensity  differences  does  not  exceed 

The  previously  reconstructed  frame  is  segmented  into 

a  number  of  regions,  and  the  moving  regions  are  7^  .Otherwise,  a  new  segment  is  started.  The  segmented 

determined  by  detecting  changes  between  successive 
0-7803-3068-4/96$5.00©1996  IEEE 


and  Tp  = 


^  ^max 
^max  ^  ^max 


ty^  ={m\G  H-  p\  +  d)  (2) 

where  p  is  the  average  gray  level  of  8  pixels  neighboring 
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reconstructed  frame  /„_j  is  compared  with  /„_2 
detecting  changes.  The  pixels  that  have  a  large  difference 
than  the  threshold  value  are  detected  as  changed  region 
elements.  The  number  of  changed  regions  in  each  segment 
are  counted  and  if  the  ratio  of  this  number  with  the  total 
number  of  pixels  in  the  segment  exceeds  a  threshold  value, 
it  is  considered  a  changed  segment.  Small  regions  which 
are  visually  insignificant  are  merged  with  the  neighboring 
changed  segment,  which  closely  matches  its  average 
intensity  value. 

MOTION  ESTIMATION  AND  COMPENSATION 

Motion  between  frames  does  not  change  significantly  from 
frame  to  frame  in  most  applications.  Therefore,  as.«uming 
that  motion  within  a  few  frames  remains  constant  along  its 
trajectory  is  valid  for  most  parts  of  the  image.  Based  on  this 
assumption,  a  prediction  of  motion  vectors  for  the  current 
frame  can  be  obtained  from  those  of  the  previous  frame. 
Let  f„(r)  denote  the  intensity  values  of  the  current  frame, 
where  r  =  (x,y)  is  the  spatial  location  and  n  is  the  frame 

A 

number.  First  /„_j  is  segmented  and  changes  are  detected. 

For  every  changed  region  R{,  i  =  1,2,.. .c  (c  is  the  number  of 
changed  regions),  motion  vector  Vj  is  obtained  by 

searching  the  corresponding  match  region  in  f„_2  using 
minimum  mean  absolute  difference  criteria.  However,  if 
constant  motion  is  assumed  between  successive  frames,  the 
predicted  motion  vectors  for  the  current  frame  will  be  the 
same  as  that  of  the  previous  frame,  which  is  untrue  for 
occluded  or  newly  uncovered  regions.  Thus  motion 
correction  is  obtained  using  the  current  frame  and 

previous  reconstructed  frame  the  encoder.  The  new 

motion  vectors  are  calculated  for  all  moving  regions  of 

A 

predicted  motion  vector  for  each  region  is 

replaced  by  the  newly  calculated  value,  if  the  difference 
between  the  old  and  new  values  exceeds  a  threshold  value. 
Only  the  new  motion  vectors  are  coded  and  transmitted  to 
the  decoder.  The  motion  vectors  which  are  not  sent  to  the 

receiver  can  be  obtained  from  ^nd  /„.2’ 

receiver  end.  This  ensures  that  only  a  small  portion  of  the 
motion  vectors  are  transmitted,  thus  reducing  the  overhead 
for  motion  information.  The  predicted  current  frame  is 

estimated  by  7„(r  + rG  Rj  i=l...m,  for 

changed  regions  or  f„(r)  -  7„_i(r)  for  unchanged  regions. 


The  differential  image  fn(^) 

generated  for  transmission. 

TR.ANSFORM  CODING 

The  differential  image  is  further  encoded  using  the 
adaptive  wavelet  packet  transform  suggested  by  [3], 
Adaptive  wavelet  packets  are  signal  dependent.  That  is,  for 
a  given  image,  the  best  set  of  basis  functions  is  determined 
from  a  library  of  possible  bases.  Hence  the  first  task  is  to 
construct  a  general  set  of  discrete-time  orthonormal  bases 
for  application  to  compression. 

Construction  Of  Discrete-Time  Bases 

The  complete  set  of  basis  functions  for  a  given  signal  x  is 
constructed  such  that 

X  =  2<x,  (j)k  >(|)k  (3) 

where  <x,  (|)j^  >  denotes  the  inner  product,  and  the  set  of 
basis  functions  which  are  orthonormal,  are  give2n  by 

«i>k’<t>i>  =  Sk-i  (4) 

Basis  functions  must  have  overlaps  between  adjacent,  but 
different  wavelet  packet  decomposition's  to  avoid 
discontinuities  at  boundaries.  Such  time-varying  bases 
which  retain  orthogonality  as  well  ,  are  achieved  using 
time-varying  onhogonal  tree  structures.  The  method  is 
based  on  the  construction  of  transition  and  boundary  filters, 
which  allow  the  construction  of  arbitrary  tilings.  Using  a 
two-channel  filter  bank,  that  is  a  pair  of  analysis  filters 
IU(z)  and  Hi(z),with  Ho(z)  of  even  length  and  Hi(z)  = 
z^‘^Hq(-z"^)  the  given  image  is  split.  These  filters  form 
an  orthogonal  filter  set  and  the  details  of  the  construction  of 
boundary  and  ti  isition  filters  is  given  in  [3].  Once  the 
time-varying  orthogonal  trees  are  constructed,  then,  for  a 
given  image,  the  best  set  of  basis  functions  for  that 
particular  image  is  determined  using  the  "best  basis  and 
quantizer"  algorithm. 

Since  our  aim  is  compression,  we  make  use  of  the  rate- 
distortion  criteria.  The  rate  "R"  is  the  number  of  bits 
required  to  represent  the  image  and  the  distortion  "D"  is  the 
squared  error  between  the  original  image  and  its 
approximation  using  R  bits.  Every  combination  of  basis  and 
quantization  choice  represents  a  single  operating  point  and 
is  chosen  by  the  the  "best  basis  and  quantizer"  algorithm 
described  below.  For  a  given  quality  factor  X  the  following 
steps  are  carried  out: 

Stepl:  Generate  the  Wavelet  packet  coefficients  and 
quantizer  set  dependent  (R,D)  values  for  the 
complete  tree  for  each  binary  subset  of  the  image 
to  be  coded. 
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Step  2:  For  a  fixed  X,  determine  the  best  basis/  quantizer  for 
each  of  the  binary  subset  by  minimizing  the 
Lagrangian  cost  function  J  =  D  +XR. 

Step  3:  All  (R,D)  points  are  converted  to  their  associated 
Lagrangian  costs 

Step  4  :  Each  internal  Wavelet  packet  tree  is  populated  with 
the  minimum  Lagrangian  cost  to  get  the  best 
quantizer  at  each  node 

Step  5:  Full  depth  tree  is  pruned  into  that  subtree  which  has 
minimum  sum-of-leaves-cost  to  determine  the  best 
basis 

Step  6:  Global  splitting  tree  is  populated  with  minimum 
Lagrangian  costs  obtained  from  step  2  for  each 
binary  segment 

Step  7:  The  splitting  tree  is  pruned  to  get  the  best  binary 
split  tree 

SIMULATIONS  AND  RESULTS 

The  methodology  adopted  in  this  paper  was  simulated  for 
the  "Canadian  flag".  Fig  1  shows  a  comparison  of  SNR 
versus  the  frame  number  for  the  above  mentioned  image 
sequence.  It  clearly  indicates  that  a  better  SNR  is  achieved. 

CONCLUSION 

The  segmentation-based  motion  compensation  algorithm 
used  here  avoids  the  block  effects  that  are  persistent  with 
the  block-matching  methods.  Also  the  scheme  is  so 
designed  that  1)  The  region  shape  information  need  not  be 
transmitted  as  the  segmentation  of  the  reconstructed  image 
is  performed  at  both  the  encoder  and  the  decoder;  2)  Since 
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motion  vector  prediction  is  performed  at  both  encoder  and 
decoder,  and  only  the  changed  vectors  are  transmitted,  a 
significant  amount  of  overhead  for  motion  information  is 
reduced;  3)  The  Adaptive  wavelet  packet  transform  used 
represents  the  images  more  faithfully.  A  better  SNR  is 
obtained  as  demonstrated  by  results,  even  at  very  low  bit- 
rates. 
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ABSTRACT 

Current  workstation  technology  provides  an  unprecedented 
amount  of  computational  power  to  researchers  at  an  afford¬ 
able  cost,  making  it  feasible  to  use  workstations  rather  than 
expensive  supercomputers  to  perform  scientific  analysis  of 
large  data  sets,  such  as  the  Global  Land  1-Km  AVHRR  data. 
In  addition  to  this,  inexpensive  high  speed  ATM  networks 
have  the  potential  to  improve  the  overall  computational  ef¬ 
ficiency  of  workstations  by  using  several  workstations  in  a 
distributed  environment. 

This  research  studies  the  practicality  of  using  distributed 
workstations  interconnected  with  a  155  Mb  ATM  network  for 
analysis  and  compression  of  the  Global  Land  1-Km  AVHRR 
data  versus  sequential  computing  on  one  of  the  workstations. 
Performance  comparisons  are  given  for  three  algorithms  as¬ 
sociated  with  the  compression  of  these  data.  Based  on  the 
test  results,  a  discussion  is  given  regarding  the  practicality  of 
using  a  distributed  system  to  enhance  performance  when  pro¬ 
cessing  global  earth  data. 

1.  INTRODUCTION 

The  proliferation  of  powerful  inexpensive  workstations,  or 
desktop  computers,  is  making  it  feasible  for  users  in  the  re¬ 
mote  sensing  community  to  use  workstations  for  data  analy¬ 
sis  of  large  data  sets,  whereas  previously  they  had  to  arrange 
for  time  on  supercomputers  which  are  often  expensive  and  in¬ 
convenient  to  use.  Even  though  computing  power  is  increas¬ 
ingly  affordable,  processing  large  data  sets,  such  as  the  Global 
Land  1-Km  AVHRR  data  [1],  still  poses  significant  problems 
in  terms  of  processing  time  and  disk  resources.  One  possi¬ 
ble  solution  is  to  process  large  data  sets  in  a  distributed  en¬ 
vironment,  in  which  several  workstations  are  interconnected 
via  a  Local  Area  Network  (LAN)  and  simultaneously  work¬ 
ing  on  the  same  problem.  Previous  to  current  technological 
developments,  this  was  not  a  viable  alternative  for  process¬ 
ing  global  earth  data  because  the  speed  of  LAN  technology 
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was  too  slow  to  efficiently  distribute  large  data  sets  such  as 
the  global  AVHRR  data.  However,  the  introduction  of  new 
high  speed  network  technology  may  change  this  and  allow 
for  efficient  computing  on  global  earth  data  over  a  network  of 
distributed  workstations.  In  this  paper  the  performance  of  sev¬ 
eral  algorithms  for  compression  and  analysis  of  Global  Land 
1-Km  AVHRR  data  is  reported  using  one  workstation  versus 
a  distributed  systems  with  one  server  and  eight  clients.  A  dis¬ 
cussion  compares  the  characteristics  of  problems  that  are  well 
suited  for  the  upcoming  generation  of  distributed  systems  to 
problems  that  are  still  solved  more  efficiently  in  a  monolithic 
environment. 

2.  MODELING  DISTRIBUTED  PERFORMANCE 

One  goal  of  this  research  is  to  model  the  performance  of  dis¬ 
tributed  algorithms  for  the  analysis  and  compression  of  the 
Global  Land  1-Km  AVHRR  data  set,  to  determine  in  advance 
whether  an  algorithm  merits  the  time  and  expense  involved  in 
converting  it  from  a  sequential  to  a  distributed  program.  To 
do  this  a  simplified  model  for  runtime  performance  is  used. 
Given  an  algorithm  that  reads  in  N  data  elements,  performs 
operations  on  them,  and  then  stores  M  data  elements  back 
onto  the  disk,  the  algorithm  is  divided  into  two  parts:  a  se¬ 
quential  part  which  contains  start  up  and  shutdown  overhead 
and  any  other  operations  that  are  not  done  in  parallel,  and  a 
parallel  part  which  contains  all  operations  that  may  be  exe¬ 
cuted  in  parallel.  The  time  spent  executing  code  which  is  not 
parallelizable  is  labeled  Tg  and  the  time  spent  executing  code 
which  is  parallelizable  is  labeled  Tp.  The  times  required  to 
read  and  write  one  data  element  to  and  from  the  disk  are  la¬ 
beled  as  Dr  and  respectively.  An  equation  for  modeling 
the  runtime  of  the  sequential  algorithm  is  given  as 

Rs  —  {Br  *  H"  Tg  +  Tp  H-  (^Dyj  *  Af).  (1) 

When  modeling  the  distributed  case,  it  is  necessary  to  add 
the  time  required  to  transfer  the  data  to  and  from  the  clients. 
Given  a  network  which  can  transfer  one  data  element  in  lj 
seconds,  the  time  required  to  transfer  the  data  to  the  clients 
is  a;  *  W,  and  the  time  required  to  transfer  the  results  back  to 
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the  server  is  cj  *  M.  If  P  is  the  number  of  clients,  then  the 
distributed  runtime  is  modeled  as 

Rd  =  (Dr*N)+ii^*N)+Ts+^+iuj*M)+iDu,*M).  (2) 

The  speedup  gained  by  distribution  is  the  ratio,  S  —  Rs/Rd> 
This  means  that  two  conditions  must  hold  in  order  for  distri¬ 
bution  to  provide  a  speedup.  First,  the  network  transfer  time 
(u  *  N)  must  be  small.  This  paper  assumes  that  the  transfer 
time  is  indeed  small  when  using  a  high-speed  ATM  network. 
The  second  condition  is 

{Dr  *  N)  -f  {Du}  *  M)  -f  Tg  <<  Tp  (3) 

If  the  left  side  of  this  inequality  is  not  significantly  less 
than  Tp,  then  the  speedup  ratio,  5,  will  tend  towards  one.  If 
Tp  is  larger  than  the  other  terms  then  the  speedup  will  ap¬ 
proach  P.  Assuming  that  the  network  transfer  time  is  small, 
performance  prediction  is  based  on  the  above  inequality. 

3.  DESCRIPTION  OF  THE  ALGORITHMS 

Performance  comparisons  are  given  for  three  algorithms  used 
by  Kess,  Steinwand  and  Reichenbach  [2]  to  analyze  and  com¬ 
press  Global  Land  1-Km  AVHRR  data.  The  algorithms  vary 
in  their  computational  complexity  and  although  none  of  the 
algorithms  has  a  high  computational  complexity,  they  are  rep¬ 
resentative  of  typical  algorithms  used  to  analyze  and  com¬ 
press  large  data  sets.  One  of  the  merits  of  a  good  data  com¬ 
pression  algorithm  is  low  computational  complexity,  making 
it  unrealistic  to  report  results  from  highly  complex  algorithms 
as  representative  of  whether  distributed  systems  can  improve 
the  speed  of  data  compression  algorithms  for  large  data  sets. 
The  data  used  in  the  tests  are  the  NDVI  band  of  the  April  1-10, 
1992  data  set,  which  contains  694,417,757  samples  of  8-bit 
data.  The  first  algorithm  computes  the  histogram,  the  second 
computes  the  entropy  of  the  residual  image  that  results  from 
each  of  the  eight  lossless  JPEG  [3]  linear  predictors,  and  the 
third  algorithm  compresses  the  data. 

Computing  the  histogram  is  easily  parallelized.  In  the  dis¬ 
tributed  implementation  each  client  receives  a  portion  of  the 
image,  tallies  the  counts  for  the  histogram,  and  sends  the  final 
results  back  to  the  server.  The  server  sums  the  results  from  all 
of  the  clients  and  writes  the  final  histogram  to  a  file.  This  is 
a  very  simple  program  and  the  computation  required  for  both 
Ts  and  Tp  is  very  small.  This  means  that  the  disk  read  time, 
Dr  *  AT,  will  dominate  the  speedup  ratio,  S,  and  as  a  result  5 
is  expected  to  approach  one.  Thus,  the  distributed  histogram 
is  expected  to  perform  only  slightly  better  than  the  sequential 
algorithm. 

The  second  algorithm  finds  the  entropy  of  the  residuals 
created  from  using  each  of  the  JPEG  linear  predictors  for 
lossless  compression.  This  algorithm  was  used  by  Kess  et 
ai  to  determine  which  of  the  eight  linear  predictors  in  the 


lossless  JPEG  compression  standard  performs  the  best  on  the 
Global  Land  1-Km  AVHRR  data.  In  the  distributed  version 
each  client  computes  the  residuals  for  a  portion  of  the  image. 
Each  client  sends  eight  histograms  back  to  the  server.  As  the 
server  receives  results  from  the  client,  it  adds  the  histograms 
together.  After  all  of  the  results  are  received,  the  server  com¬ 
putes  the  entropy  of  each  histogram  and  writes  the  results  to 
an  output  file.  The  sequential  time,  Tg,  is  expected  to  be  larger 
than  Ts  is  for  the  histogram  algorithm,  but  still  small.  The  to¬ 
tal  processing  time  for  tasks  performed  by  the  clients,  Tp,  is 
expected  to  be  significantly  larger  than  Tp  for  the  histogram, 
and  in  fact  it  should  dominate  the  sequential  processing  time, 
Tg,  the  disk  read  time,  Dr*N,  and  the  disk  write  time,  D^^M 
given  in  Inequality  refpred.  Hence,  the  entropy  program  is  ex¬ 
pected  to  give  a  speedup  that  is  significantly  greater  than  one. 

The  third  program  compresses  the  land  data  with  the 
method  used  by  Kess  et  ai  This  compression  program  divides 
the  image  into  subimages  and  compresses  each  subimage  in¬ 
dependently  of  the  others.  Approximately  80%  of  the  image 
is  composed  of  solid  regions  for  the  water,  interrupted  areas 
in  the  Goode's  Homolosine  map  projection,  and  land  where 
there  is  no  data.  These  areas  are  compressed  by  Kess  et  ai 
with  a  quadtree  algorithm  and  the  results  from  this  compres¬ 
sion  are  not  reported.  The  land  compression  algorithm  reads 
in  all  of  the  subimages  and  only  compresses  the  data  values 
that  represent  land.  There  are  approximately  135  million  land 
samples  in  the  image.  The  compression  algorithm  for  the  land 
computes  a  residual  image  using  the  JPEG  lossless  linear  pre¬ 
dictor  with  the  lowest  entropy  from  the  JPEG  entropy  tests, 
and  then  uses  adaptive  Huffman  coding  to  compress  the  resid¬ 
ual  image. 

This  algorithm,  like  the  others,  is  also  easy  to  distribute 
because  the  compression  is  performed  independently  on  sub¬ 
windows  of  the  image  and  the  data  file  is  preprocessed  so  that 
the  subwindows  are  stored  contiguously  in  the  data  file.  The 
number  of  operations  for  each  data  element  is  the  highest  of 
all  three  programs,  but  these  operations  are  only  performed 
on  the  20%  of  the  data  that  represents  land  values.  Thus,  the 
expected  total  parallel  processing  time,  Tp,  is  less  than  the 
JPEG  entropy  process.  The  sequential  time,  T^,  and  the  disk 
read  time.  Dr  *  N,  are  similar  to  the  other  two  algorithms. 
However,  the  disk  write  time,  D^j  *  M  is  significantly  larger 
because  the  server  writes  the  compressed  data  to  a  file.  Thus, 
the  speedup  is  expected  to  be  greater  than  one,  but  not  as  large 
as  the  JPEG  entropy  speedup. 

4.  THE  DISTRIBUTED  SYSTEM 

Results  are  reported  using  a  homogeneous  workstation  clus¬ 
ter  consisting  of  eight  Hewlett  Packard  9000/7 1 5s  and  a  server 
HP  9000/735.  All  the  machines  are  connected  by  an  ATM  net¬ 
work  running  classical  TCP/IP  over  ATM[4].  PVM[5]  was 
used  for  message  passing  and  synchronization.  Results  are 
given  for  two  different  methods  of  distributing  data  to  the  pro- 
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Computing 

Technique 

Program  Execution  Times 

Histo¬ 

gram 

JPEG 

Entropy 

Land 

Compress 

Sequential 

8:17 

25:25 

20:10 

Distributed 

Centralized  Data 

12:50 

19:00 

16:43 

Distributed  Data 

6:34 

12:06 

15:51 

Table  1:  Runtimes  in  Minutes:Seconds 


cessors.  The  first  method  uses  a  Network  File  System  (NFS) 
in  which  the  file  system  is  centralized  and  the  entire  image 
is  stored  on  a  single  disk  that  is  connected  to  the  system  via 
a  20MB/S  FastAVide  SCSI  III  interface.  The  second  method 
makes  use  of  local  disk  drives  to  perform  a  simplified  type  of 
data  striping.  In  this  method  the  image  is  divided  into  equal 
size  subimages  and  one  subimage  is  placed  on  the  local  disk 
of  each  client  in  the  distributed  system. 

5.  RESULTS 

Table  1  presents  the  sequential  and  distributed  results  for  each 
of  the  three  algorithms  discussed  in  this  paper.  The  distributed 
results  are  presented  for  centralized  data  and  data  distributed 
to  the  local  disks  of  each  client.  The  sequential  tests  were  per¬ 
formed  on  the  735  which  is  a  faster  machine  than  the  715’s 
used  as  clients  for  the  distributed  tests.  Because  of  this  the 
reported  runtimes  for  the  sequential  algorithms  are  slightly 
faster  than  if  they  were  executed  on  the  clients.  However, 
none  of  the  715s  had  enough  local  disk  space  to  run  the  se¬ 
quential  algorithm  without  using  the  network  and  thereby  in¬ 
curring  a  network  transfer  penalty  for  the  execution  time.  Al¬ 
though  executing  the  sequential  algorithms  on  the  faster  pro¬ 
cessor  decreases  the  speedup  ratios,  the  processor  speed  in¬ 
accuracy  is  not  as  large  as  the  extra  network  transfer  time  in¬ 
curred  by  running  the  sequential  algorithm  on  a  client  proces¬ 
sor. 

The  speedup  ratios  for  the  distributed  algorithms  were 
0.64  for  the  histogram,  1.33  for  JPEG  Entropy  and  1.2  for  the 
compression  algorithm.  By  distributing  the  data  these  values 
improved  to  1.2,  2.1,  and  1.2  respectively.  The  model  did  not 
accurately  predict  a  slow  down  for  the  distributed  histogram 
with  centralized  data.  This  is  because  the  model  does  not  in¬ 
corporate  the  overhead  required  for  distribution.  The  results 
for  the  distributed  histogram  with  distributed  data  improved 
because  the  disk  read  time  was  less. 

It  is  interesting  to  note  the  speedup  improvement  when 
the  data  is  stored  locally  on  the  client  disks  rather  than  on  the 
centralized  server.  There  are  at  least  two  advantages  for  using 
a  decentralized  file  system.  One  advantage  is  that  a  decentral¬ 
ized  file  system  processes  the  data  without  using  large,  fast 


and  expensive  disks,  and  the  other  advantage  is  it  achieves  the 
best  speed  of  all  the  methods  tested.  This  speed  of  the  decen¬ 
tralized  file  system  is  also  impressive  because  the  local  disks 
are  5MB/s  SCSI  disks,  which  is  much  slower  than  the  20MB/s 
FW  SCSI  III  central  disk. 

6.  CONCLUSION 

Clearly,  distributed  processing  of  global  AVHRR  data  is  ben¬ 
eficial  in  some  cases.  It  takes  time  to  modify  existing  pro¬ 
grams  to  run  in  a  distributed  environment,  which  is  an  impor¬ 
tant  consideration  before  deciding  to  distribute  an  algorithm. 
If  programs  are  originally  written  for  distribution,  then  the 
programming  time  is  not  an  issue.  The  simple  model  given  in 
section  2  provides  a  starting  point  for  analysis  of  distributed 
versus  sequential  processing.  A  modification  is  needed  to  in¬ 
corporate  the  overhead  required  for  distribution.  While  the 
model  is  mathematically  straightforward,  quantifying  predic¬ 
tion  values  for  the  terms  in  the  model  is  difficult. 

The  results  suggest  that  distributed  computing  with  dis¬ 
tributed  data  has  more  benefits  for  large  data  sets  than  dis¬ 
tributed  computing  with  centralized  data.  Decentralized  data 
storage  can  use  slower  and  smaller  disks  than  centralized  data 
storage  and  still  achieve  better  runtime  performance.  One 
implication  of  this  is  that  large  data  sets  could  be  stored  in 
a  distributed  format  for  faster  retrieval  from  permanent  stor¬ 
age  devices.  For  example,  compressed  browse  images  could 
be  stored  on  a  local  disk  for  easy  browse  retrieval  and  com¬ 
pressed  full  resolution  data  could  be  permanently  stored  in 
distributed  archival  locations  for  distributed  retrieval. 
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Abstract  —  In  large  scale  field  experiments  over  the  past  10  years, 
long  wavelength  microwave  radiometers  have  been  used  to  map 
surface  soil  moisture  with  considerable  success.  These 
experiments,  which  include  FIFE  (87  &  89),  Monsoon  90, 
Washita  92  and  94,  and  HAPEX-Sahel,  covered  a  wide  range  of 
climatic  regimes.  The  results  from  all  of  them  have  shown  that  the 
microwave  emission  at  the  21 -cm  wavelength  is  a  strong  function 
of  surfece  (0  to  5-cm)  soil  moisture.  The  salient  results  from  these 
experiments  will  be  presented  and  compared.  The  use  of  the 
surface  soil  moisture  data  to  determine  geophysical  parameters 
such  as  evaporative  fraction,  soil  evaporation  and  soil  hydraulic 
properties  will  be  discussed. 

INTRODUCTION 

After  more  than  20  years  of  research  on  the  use  passive 
microwave  radiometers[l]  for  soil  moisture  sensing  the  basic 
capabilities  are  well  understood.  The  soil  emissivity  at  microwave 
wavelengths,  about  1  to  30  cm,  is  a  strong  function  of  its  moisture 
content  because  of  the  large  dielectric  contrast  between  dry  soil 
and  water.  The  resulting  emissivity  for  soil  changes  from  about 
0.95  for  dry  soil  to  about  0.6  for  wet  soils  at  a  rate  of  about 
0.01/%  moisture  content.  The  rate  is  a  function  of  the  soil  texture, 
being  greater  for  lighter  sandy  soils  and  smaller  for  heavier  clayey 
soils.  The  rate  will  also  be  reduced  by  surface  features  such  as 
roughness  and  vegetation  cover.  The  observed  emissivity  is 
determined  by  the  moisture  content  in  a  thin  layer  at  the  surface  on 
the  order  of  a  few  tenths  of  a  wavelength  thick.  Therefore  it  has 
been  found  that  the  longer  wavelengths  (  >  10  cm)  are  more 
effective  for  moisture  sensing  both  the  depth  of  penetration  and 
the  ability  to  penetrate  a  vegetated  canopy[2,3].  Knowledge  of 
this  surface  layer  moisture  content  is  very  important  for 
determining  the  energy  balance  at  the  soil  surface  and  its  rate  of 
change  can  be  used  to  infer  information  about  the  hydraulic 
properties  of  the  soil.  In  this  short  paper  we  will  describe  briefly 
describe  some  results  obtained  by  microwave  radiometers  in  field 
experiments  during  the  past  ten  years  and  their  applications  to 
range  of  problems. 

UiRGE  SCALE  HELD  EXPERIMENTS 

Microwave  radiometers  operating  at  the  21 -cm  wavelength  were 
used  to  map  surface  soil  moisture  in  large  scale  field  experiments 
and  to  study  its  utility  for  determining  such  things  as  surface  fluxes 
and  soil  hydraulic  properties.  Here  we  will  discuss  the  results 
fi-om  four  recent  experiments:  the  First  Liternational  Satellite  Land 
0-7803-3068-4/96$5.00©1996  IEEE 


Surface  Climatology  Project  (ISLSCP)  Field  Experiment  (FIFE) 
conducted  in  central  Kansas  in  1987-89[4];  MONSOON’90 
conducted  during  the  summer  of  1990  over  and  arid  watershed  in 
south  central  Arizona  in  the  US[5];  WASHITA  92  conducted  over 
the  Little  Washita  watershed  in  central  Oklahoma  in  1992[6]  and 
the  Hydrological  and  Atmospheric  Pilot  Experiment  in  the  Sahel 
(HAPEX-Sahel)  experiment  conducted  in  Niger  West  Africa  in 
1992[7,8]. 

The  radiometric  measurements  were  made  with  L-band 
(frequency  =  1.42  GHz;  wavelength  =  21-cm)  microwave 
radiometers.  They  were  the  PushBroom  Microwave  Radiometer 
(PBMR)[9]  and  the  Electrically  Scanned  Thinned  Array 
Radiometer  (ESTAR)[10]  and  were  flown  aboard  the  NASA 
C-130  aircraft.  While  they  have  very  different  antenna  systems 
they  have  similar  operating  characteristics.  Both  receive 
horizontally  polarized  radiation  with  a  16®  resolution.  The  PBMR 
has  4  beams  and  a  ±32® swath  while  ESTAR  has  10  beams  with 
a  ±45° swath. 

HFE 

The  test  area  for  FIFE  was  about  15x15  km  and  primarily  tall 
grass  prairie.  It  contains  the  Konza  Prairie  Research  Natural  Area 
and  surrounding  grasslands.  Microwave  brightness  temperature 
maps  were  obtained  for  a  7  X  15  km  area  by  flying  12  parallel 
east-west  flight  lines  at  an  altitude  of  600m.  This  was  done  for  a 
total  of  12  days  during  4  hitensive  Field  Campaigns  (IFCs) 
between  28  May  and  20  October  1987.  With  these  microwave 
brightness  temperature  maps  for  the  FIFE  site  it  was  possible  to 
determine  the  surface  soil  moisture  over  a  wide  area.  The  results 
were  in  excellent  agreement  with  the  ground  measurements[ll]. 
The  RMS  difference  between  the  estimated  and  measured  values 
of  soil  moisture  was  4.5%  over  the  range  from  10%  to  over  40% 
with  a  1.8%  bias.  We  believe  that  the  latter  came  from  the  fact 
that  the  aircraft  and  ground  measurements  were  made  at  different 
times  of  day. 

hi  an  analysis  of  the  FIFE-89  data  for  the  surface  area  averaged 
fluxes.  Sellers  et  al.[12],  found  that  the  remotely  sensed  surface 
soil  moisture  fi-om  the  PBMR  is  very  important  for  parameterizing 
the  soil  resistance  to  evaporation  and  for  estimating  the  soil  profile 
moisture  content. 

MONSOON’90 

The  test  site  for  MONSOON’90  was  the  Walnut  Gulch  research 
watershed  near  Tombstone,  Arizona  [5].  The  purpose  here  was  to 
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observe  the  moisture  fluxes  in  an  arid  climate  during  a  drydown 
and  the  role  of  remote  sensing  in  determining  these  fluxes.  There 
were  a  series  of  6  flights  with  the  PBMR  between  31  July  and  9 
August  at  an  altitude  of  600  m.  Seven  flight  lines  were  flown  to 
map  an  area  of  about  5  x20  km.  The  results  showed  a  high 
correlation  between  the  PBMR  observations  and  ground 
measurements  of  soil  moisture.  The  brightness  temperature  maps 
feithfiilly  represented  the  rainfall  variability  indicated  by  the  high 
density  rain  gage  network[13].  In  this  experiment  the  PBMR 
observations  of  the  surface  moisture  state  were  successfully  used 
to  set  the  initial  conditions  for  a  rainfall  runoff  model [14]. 

WASHITA  92 

The  little  Washita  watershed  was  selected  for  this  experiment 
because  of  the  extensive  hydrologic  research  that  has  been 
conducted  there  in  the  past  (32  years  of  data  collection);  the 
ongoing  data  collection  by  the  Agricultural  Research  Service;  and 
the  complementary  nature  of  the  region  to  previously  conducted 
large  scale  remote  sensing  experiments  e.g.  Monsoon  90  and 
FIFE.  The  watershed  is  located  is  southwest  Oklahoma  in  Great 
Plains  region  of  the  United  States  and  covers  an  area  of  603  km^. 
The  climate  is  classified  as  sub-humid  with  an  average  annual 
rainfall  of  75  cm.  There  are  a  total  of  42  continuous  recording 
rain  gages  distributed  at  a  5  km  spacing  over  the  watershed.  The 
topography  of  the  region  is  moderately  rolling.  Soils  include  a 
wide  range  of  textures  with  large  regions  of  both  coarse  and  fine 
textures.  Land  cover  is  dominated  by  rangeland  and  pasture 
(63%)  with  significant  areas  of  winter  wheat  and  other  crops 
concentrated  in  the  floodplain  and  western  portions  of  the 
watershed.  Data  collection  was  performed  during  the  period  of 
June  10  to  June  18,  1992.  This  followed  a  period  of  very  heavy 
rains.  While,  there  was  considerable  spatial  variability  during  the 
individual  rain  events,  the  integrated  totals  over  the  various  gages 
over  the  site  were  rather  uniform.  As  a  result  the  initial  conditions 
encountered  at  the  beginning  of  the  experiments  were  mostly 
saturated  soils  with  some  standing  water.  No  rainfall  occurred 
during  the  experimental  period,  thus  allowing  the  observation  of 
drying  conditions. 

In  this  experiment  the  ESTAR  was  flown  on  a  set  of  high  altitude 
mapping  flight  lines  at  a  nominal  altitude  of  2200  m.  This  pattern 
was  designed  to  provide  contiguous  coverage  of  the  40  x  15  km 
test  area  with  a  resolution  of  about  600m.  These  data  were  used 
to  produce  soil  moisture  maps  of  the  area [6].  Rodriguez- 
Iturbe[15]  used  these  maps  to  study  the  statistical  structure  of  soil 
moisture  fields.  They  found  a  power  law  relationship  between  the 
variance  and  pixel  area  with  the  variance  decreasing  as  the  area 
increased.  The  slope  of  the  relationship  increased  as  the  soil 
dried.  With  the  same  data  Dubayah  et  al.[16]  found  that 
multiscaling,  i.e.  the  log-log  linearity  of  statistical  moments  as 
functions  of  scale,  can  be  used  to  infer  spatial  variability  at  scales 
other  than  that  of  the  measurements.  For  example  they  showed 
how  a  coarse  remotely  sensed  field  of  soil  moisture  could  be  used 
estimate  variability  at  finer  grid  scales.  By  studying  the  temporal 
changes  of  the  surface  soil  moisture  Mattikalli  et  al.  [17]  have 


shown  that  there  is  a  direct  relationship  between  changes  in  soil 
moisture  and  soil  texture.  As  a  result  it  may  be  possible  to 
estimate  the  saturated  hydraulic  conductivity  on  a  large  area  basis. 

HAPEX-Sahel 

HAPEX-Sahel  [7,8]  is  an  international  land-surface-  atmosphere 
observation  program  that  was  undertaken  in  western  Niger,  in  the 
west  African  Sahel  region.  The  overall  aims  were  to  improve  our 
understanding  of  the  role  of  the  Sahel  on  the  general  circulation, 
in  particular  the  effects  of  the  large  interannual  fluctuations  of  land 
surface  conditions  in  this  region  and,  in  turn,  to  seek  relationships 
between  the  general  circulation  and  the  persistent  droughts  that 
have  affected  the  Sahel  during  the  last  25  years.  The  field  program 
obtained  measurements  of  atmospheric,  surface  and  certain 
sub-surface  processes  in  a  Ideg  xldeg  area  that  incorporates 
many  of  the  major  land  surface  types  found  throughout  the  Sahel. 
In  order  to  obtain  data  for  this  large  area,  an  extensive 
measurement  program  was  undertaken  including  field,  aircraft, 
and  satellite  remote  sensing  measurements,  mainly  between  mid 
1990  and  late  1992.  An  inteasive  operations  period  (lOP)  was 
undertaken  for  8  weeks  from  mid  to  late  growing  season  of  1992. 

The  aim  of  HAPEX-Sahel  was  to  make  simultaneous 
measurements  of  relevant  variables  at  the  micro  and  meso  scales. 
The  heterogeneity  of  surface  types  and  seasonal  variation  in  the 
region  are  much  greater  than  in  the  areas  studied  in  any  previous 
measurement  campaign  of  this  type.  To  address  this  aspect  of  the 
problem  an  extensive  remote  sensing  program  was  used  to  extend 
the  field  measurements  to  the  entire  region,  i.e  to  the  meso-scale. 
This  aircraft  program  included  the  PBMR  on  the  C-130  aircraft 
for  soil  moisture  observations.  Because  of  the  timing  of  the  lOP 
during  the  monsoon  season  a  wide  range  of  surface  moisture 
conditions  were  observed  from  extremely  dry  to  rather  wet. 
Chanzy  et  al.[18]  have  found  excellent  correlations  between  the 
ground  measurements  of  soil  moisture  and  the  PBMR  data  at  both 
the  East  and  West  central  sites  using  ground  observations  made  by 
two  different  groups.  The  rapidly  drying  surface  soil  also  enabled 
us  to  make  certain  inferences  about  the  soil  hydraulic  properties. 
Hollenbeck  et  al.  [19]  compared  the  brightness  temperature 
values  on  two  successive  flight  on  2  and  4  September  1992  using 
a  normalized  difference  to  obtain  maps  of  relative  soil  hydraulic 
properties  which  matched  the  existing  soils  maps. 

DISCUSSION 

Li  all  of  the  large  scale  experiments  a  wide  range  of  soil  moisture 
conditions  was  observed  and  in  each  case  a  good  correlation 
between  the  microwave  response  and  soil  moisture  was  found. 
These  results  were  for  a  range  of  vegetation  conditions  from 
sparse  vegetation  in  the  MONSOON’90  and  HAPEX-Sahel 
experiments  to  a  rather  heavy  grass  cover  in  the  FIFE  experiment. 
In  none  of  these  cases  did  the  vegetation  preclude  making  a  useful 
assessment  of  soil  moisture  conditions  with  the  microwave 
radiometer  data.  The  temporal  variations  of  soil  moisture 
observed  in  these  experiments  have  been  used  in  flux  studies  and 


1052 


in  making  estimates  of  soil  hydraulic  properties  on  an  areal  basis. 
Maps  of  the  microwave  brightness  temperature  were  produced  in 
all  these  experiments.  They  have  made  possible  new  studies  of 
the  spatial  variability  and  structure  of  soil  moisture  fields.  These 
maps  have  provided  just  a  small  sample  of  what  could  be  done  if 
such  a  radiometer  on  a  satellite  platform  were  doing  the  mapping 
on  a  global  basis. 
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Abstract  -  Nimbus-7  SMMR  brightness  temperatures  have 
been  reprocessed  in  a  form  that  simplifies  the  data  handling 
associated  with  estimation  and  analysis  of  global  land 
parameter  fields.  Spatial  and  temporal  analyses  of  the 
brightness  temperatures  indicate  their  sensitivities  to  land 
surfece  and  atmospheric  conditions,  and  show  trends  linked 
to  changing  surface  moisture,  temperature,  and  vegetation 
patterns.  An  estimation  algorithm  is  used,  calibrated  to  sites 
in  arid  regions  and  forests,  to  obtain  preliminary  estimates  of 
the  land  parameters  for  a  given  geopaphic  regioa  Focusing 
on  semiarid  areas  where  the  potential  for  observing  moisture 
variability  using  the  SMMR  channels  is  greatest,  the 
estimates  are  compared  with  model  output  data.  Results  of 
the  study  are  helpful  in  evaluating  the  potential  of  future  L- 
band  spacebome  radiometer  measurements,  which  would  have 
greatly  increased  capability  for  surface  moisture  estimation  if 
avail^le. 

INTRODUCTION 

The  need  for  routine  space-based  measurements  of  surface 
soil  moisture,  surface  temperature,  and  vegetation  biomass 
has  been  firmly  established  [1],  [2].  Measurements  of  these 
parameters  are  valuable  for  initializing  and  calibrating  weather 
and  climate  models,  and  for  forecasting  and  monitoring  floods 
and  droughts.  Microwave  radiometiy  has  shown  potential 
for  such  measurements,  but  sensors  optimized  for  measuring 
these  parameters  are  not  yet  available  in  space. 

Data  from  the  Nimbus-7  Scaiming  Multichannel 
Microwave  Radiometer  (SMMR)  have  been  used  in  land 
parameter  studies,  but  have  elicited  limited  interest  in 
practical  applications.  The  fiequency  range  (6.6  to  37  GHz) 
is  higher  than  desired  for  good  sensitivity  to  surface  soil 
moisture  in  the  presence  of  roughness  and  vegetatioa  The 
spatial  resolution  (ranging  from  --150  km  at  6.6  GHz  to  ~30 
km  at  37  GHz)  limits  applications  mainly  to  climate  and 
large-scale  monitoring.  ITie  natural  heterogeneity  of  land 
surfaces  leads  to  retrievals  over  SMMR  footprints  of  spatially- 
averaged  parameters  that  may  require  care  to  interpret  and  to 
relate  to  parameters  of  climate  and  hydrologic  models  [3]. 
Nevertheless,  the  SMMR  data  cover  a  near-decadal  time 
0-7803-3068-4/96$5.00©1996  IEEE 


period  (1978  to  1987)  which  is  of  benefit  in  studying 
climatological  trends.  Furthermore,  the  SMMR  has  similar 
low-fiequency  channels  to  those  planned  for  EOS-era 
microwave  radiometers  (MEMR  and  AMSR).  Analyses  cf 
SMMR  data  are  thus  useful  for  developing  improved 
processing  algorithms  for  these  sensors,  and  for  creating  a 
radiometric  climatology  for  interpreting  future  measurements. 

In  this  paper  the  retrievability  of  land  parameters  using 
SMMR  data  is  investigated.  First,  the  results  of  a  theoretical 
sensitivity  analysis  are  presented.  A  principal  component 
analysis  is  then  applied  to  the  SMMR  data  over  the  Afiican 
continent  to  illustrate  spatial  patterns  and  temporal  trends  in 
the  radiometric  data.  Finally,  retrievals  are  carried  out  for  a 
localized  region  in  the  Sahel,  indicating  the  feasibility  cf 
using  SMMR  data  to  study  seasonal  trends  of  soil  moisture, 
vegetation,  and  temperature  in  semiarid  regions.  The 
sensitivity  study  indicates  that  the  use  of  lower  frequencies 
than  available  on  the  SMMR,  i.e.  1.4  as  opposed  to  6.6  Ghz, 
will  result  in  greatly  enhanced  capability  to  follow  soil 
moisture  trends  in  the  presence  of  moderate  vegetation, 
thereby  extending  the  global  coverage  area  of  soil  moisture 
retrievability. 

SENSITIVITY 

The  retrievability  of  soil,  vegetation,  and  atmospheric 
parameters  from  spacebome  radiometer  data  is  determined  to  a 
large  extent  by  the  sensitivity  of  brightness  temperature  to 
these  parameters  at  optimum  frequencies,  polarizations,  and 
viewing  angles.  A  microwave  model  is  used  here  to  assess 
these  sensitivities.  The  model  can  be  expressed  as: 

Tb  -  O  {  X  }  (1) 

where,  Tb  is  the  brightness  temperature,  0{}  is  the  radiative 
transfer  model  function,  and  x  is  a  vector  of  parameters 
describing  the  sensor  configuration,  media  characteristics,  and 
geophysical  variables.  The  model  function  is  based  on 
models  described  previously  in  [4].  Normalized  sensitivities. 
Si,  are  computed  as: 


1054 


(2) 


DATA  SETS 


where,  JQ  are  the  typical  dynamic  ranges  or  uncertainties  cf 
the  parameters  xj,  and  x,,  are  the  values  of  x  at  which  the 
partial  derivatives  are  evaluated  (baseline  values).  Since  the 
model  is  no^near  in  some  parameters,  the  sensitivities  will 
depend  on  x,,.  Table  1  shows  the  results  of  sensitivity 
calculations  at  three  frequencies — 1.4,  2.6,  and  6.6  GHz  (L, 
S,  and  C  bands).  The  1.4  GHz  fiequeixy  is  considered 
optimal  for  soil  moisture  sensing,  wMe  6.6  GHz  is  the 
lowest  frequency  available  from  the  SMMR.  The  sensiti¬ 
vities  have  been  computed  for  a  viewing  angle  of  0  =  50®  and 
for  circularly-polarized  reception.  Circularly-polarized 
radiation  is  irrvariant  to  Faraday  rotation  through  the 
ionosphere  which  m^  prove  to  be  a  significant  source  of  error 
for  linearly-polarized  reception  at  1.4  GHz.  The  parameters 
for  which  sensitivities  are  shown  in  Table  1  are:  soil 
moisture,  my  (g  cm-3);  soil  temperature,  Tgg  (C);  soil  clay 
fractional  content,  s;  vegetation  water  content,  w^  (kg  m-2); 
atmospheric  precipitable  water,  qv  (nun);  surface  air 
temperature,  Tas  (C);  near-surface  atmospheric  temperature 
gradient,  dT,  (C);  and  Faraday  rotation  angle  at  1.4  GHz,  (l)f 
(deg). 

As  expected,  the  sensitivity  to  soil  moisture  is  dominant 
at  L-band,  while  sensitivity  to  vegetation  becomes  dominant 
at  C-band  (~4-5  times  as  sensitive  as  L-band).  The 
sensitivity  to  soil  parameters  is  fairly  uniform  over  the 
frequency  range.  Sensitivity  to  atmospheric  parameters 
increases  with  frequency  but  is  relatively  negligible. 
Sensitivity  to  Faraday  rotaion  is  zero  since  circular  polarized 
reception  has  been  assumed.  These  sensitivity  results  are  for 
a  baseline  of  w^  =  0  (bare  soil)  and  will  vary  as  Wc  changes. 

The  magnitudes  of  the  normalized  sensitivities  also  depend  of 
course  on  the  assiuned  values  of  Xj. 


Table  1:  Normalized  sensitivities  at  L,  S,  and  C-bands  (1.4, 
2.6,  and  6.6  Ghz),  0  =  50®,  circular  polarization,  and  for 
given  parameter  ranges  and  baseline  values.  (Parameter  units 
are  given  in  the  text.) 


Parameter 

Range 

(Xi) 

Baseline 

(Xoi) 

Sensitivities,  Si  (K) 

(L)  (S)  (C) 

my 

0.32 

0.15 

80.3 

80.1 

77.8 

Tse 

40 

20 

35.1 

34.5 

30.4 

S 

0.4 

0.3 

10.0 

10.2 

10.1 

Wc 

1.5 

0 

27.4 

50.1 

119.7 

Qv 

5 

2.5 

0.02 

0.07 

0.74 

Tas 

30 

15 

0.37 

0.39 

0.53 

dTa 

10 

13.5 

0.12 

0.13 

0.18 

(j)f 

40 

20 

0 

0 

0 

The  SMMR.  data  used  here  have  been  extracted  fiom  the 
SMMR  Pathfinder  brightness  temperature  data  set  [5].  The 
data  were  gridded  to  a  monthly  1®  x  1®  lat-lon  scale  for  the 
African  continent  regiom  The  results  shown  here  are  for  the 
year  1980.  Subsequent  analyses  will  cover  the  full  SMMR 
time  period.  Comparisons  with  the  SMMR  retrievals  have 
been  made  using  data  from  the  ISLSCP  Initiative  I  CD-ROM 
[6].  These  data  are  also  gridded  at  monthly  1®  x  1®  lat-lon 
resolution. 

PRINCIPAL  COMPONENT  ANALYSIS 

A  principal  component  analysis  (PCA)  was  performed  to 
identify  the  spatial  and  tempord  modes  of  variability  in  the 
SMMR  brightness  temperature  data  at  different  space-time 
scales.  PCA  is  cormnonly  used  as  a  technique  for  reducing 
the  dimensionality  of  a  data  set,  for  culling  signal  from  noise, 
and  for  viewing  the  dominant  modes  of  ‘smooth’  variability 
in  the  data  [7].  Fig  1  shows  the  PCA  for  the  6.6  GHz 
polarization  ratio,  PR6.6>  defined  as  the  differerce  divided  by 
the  sum  of  the  vertical  and  horizontal  brightness  tenqieratures 
at  6.6  GHz.  Forming  this  ratio  minimizes  the  dependence  on 
surface  temperature  so  that  the  dominant  dependence  is  on 
soil  moisture  and  vegetation  variability  [8].  The  annual 
mean  field  is  shown  in  Fig.  1(c).  The  two  dominant  spatial 
modes  (i.e.  principal  components,  ei  and  with  maximum 
time  variability  are  shown  in  Figs.  1(a),  (b).  The  amplitude 
vectors  for  the  .list  four  modes  (ei  to  04)  are  shown  in 
Fig.  1(d).  The  amplitude  vectors  are  time-series  indicating 
the  time-variability  of  each  mode  (which,  summed,  constitute 
the  time  variability  of  the  PR6.6  field).  The  amplitude 
vectors  e^  and  02  show  aimual  cycles  offset  in  phase.  The 
principal  components  illustrate  the  brightness  temperature 
variability  in  the  broad  savarma/Sahel  belt  north  of  tte 
equator  amd  at  other  isolated  locations,  in  particular  at;  15°N, 
5®W;  8®N,  30®E;  13®S,  23®E.  These  locations  correspond  to 
regions  of  seasonal  flooding  of  the  Niger,  White  Nile,  and 
Zambezi  rivers,  respectively,  with  opposite  phases  in  the 
northern  and  southern  hemispheres.  Additional  analysis  is 
required  to  fully  understand  these  localized  phenomena. 

RETRIEVALS 

It  is  expected  that  retrievals  of  soil  moisture  using  SMMR 
will  only  be  successful  in  regions  of  low  vegetation,  due  to 
the  high  sensitivity  to  vegetation  at  fiequencies  of  6.6  GHz 
and  above.  A  location  close  to  the  site  of  the  1992  HAPEX- 
Sahel  experiment,  centered  at  12.75®N,  4.25®E,  was  chosen 
for  testing  the  parameter  retrievability.  Four  SMMR 
channels;  6.6  and  10.7  GHz,  V  and  H  polarizations,  were 
used  in  an  iterative  least-squares  estimation  procedure  to 
retrieve  three  geophysical  parameters — surface  soil  moisture, 
my,  vegetation  water  content,  Wg,  and  sutfoce  temperature, 
Tse.  Fig.2(a)-(c)  shows  results  of  the  monthly  retrievals  fo 
the  year  1980.  The  results  show  clearly  the  cycles  of  sutfoce 
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Fig.l  Illustrative  results  of  principal  component  analysis  over  Afiica  using  monthly,  gridded  SMMR  brightness  temperature 
polarization  ratio  data  from  1980  at  6.6  Ghz.  (a)  and  First  and  second  principal  components,  respectively,  (c)  Annual 
mean  field,  (d)  Amplitude  vectors  for  the  first  four  principal  components;  time  is  in  months  of  the  year  (1980). 


moisture  and  vegetation  giowth/senescence  related  to  the 
annual  precipitation  cycle  in  the  region.  The  earlier  phasing 
of  the  peak  moisture  relative  to  the  peak  vegetation  is  clearly 
evident.  Also  evident  is  a  dip  in  the  surface  temperature  in 
July-August  that  may  be  related  to  the  period  of  precipitation 
maximum.  Fig.2(d)-(f)  shows  values  of  surface  wetness, 
normalized  difference  vegetation  index  (NDVI),  and  noon 
suifece  temperature,  extracted  from  the  ISLSCP  CD-ROM 
[6].  Although  these  data  are  for  the  year  1987  the  temporal 
trends  agree  well  with  the  SMMR  retrievals.  The  ISLSCP 
surface  wetness  and  temperature  data  are  outputs  from  the 
ECMWF  numerical  weather  forecast  model.  The  NDVI  data 
are  derived  from  the  NOAA/AVHRR  satellite  instrument. 

The  SMMR  retrieval  algorithm  was  ‘calibrated’  at  two 
end  points  representing  desert  and  tropical  forest  It  is 
encouraging  to  note  that  the  expected  trends  in  soil  moisture, 
vegetation  water  content,  and  surface  temperature  are  indeed 


observed  in  the  retrievals.  Further  analysis  is  required  to 
achieve  more  confidence  in  the  validity  of  the  retrievals. 

CONCLUSION 

The  SMMR  data  set  provides  a  radiometric  climatology 
that  can  be  analyzed  for  trends  and  anomalies  in  land  sur&oe 
parameters  (soil  moisture,  vegetation  status,  temperature). 
These  parameters  can  also  be  retrieved  quantitatively  from  the 
SMMR  data  in  low-vegetation  regions.  The  fraction  cf 
global  land  cover  for  which  SMMR  retrievals  are  feasible  may 
be  limited.  However,  the  ability  to  discriminate  soil 
moisture  trends  using  SMMR  data  at  6.6  and  10.7  GHz 
bodes  well  for  possible  future  spacebome  missions  using  1.4 
GHz  which  has  five  times  less  sensitivity  to  the  perturbing 
influence  of  vegetation. 
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Fig.2  Comparison  of  trends  from  SMMR  noontime  land  parameter  retrievals  with  those  from  ISLSCP  data  for  a  l°xl°  lat-lon 
grid  cell  centered  at  12.75®N,  4.25°E  in  the  African  Sahel,  (a),  (b),  (c)  SMMR  monthly  retrievals  of  soil  moisture,  my, 
vegetation  water  content,  Wc,  and  surface  temperature,  Tgg,  respectively  for  1980.  (d),  (e),  (f)  ISLSCP  data  of  surface  wetness, 
NDVI,  and  itoontime  surface  temperature,  respectively,  for  1987. 
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Abstract  -  Multi-temporal  microwave  remote  sensing 
techniques  have  been  employed  to  obtain  information  on 
surface  soil  moisture  dynamics  during  June  10-18, 1992  in  the 
Little  Washita  watershed,  Oklahoma.  Analysis  of  remotely 
sensed  data  in  conjunction  with  soils  map  revealed  that 
changes  in  brightness  temperature  and  soil  moisture  hold  a 
direct  relationship  with  soil  texture.  Areas  identified  by  loam/ 
silt  loam  are  characterized  by  higher  changes  of  total  soil 
moisture  and  those  of  sand/  sandy  loam  soils  by  remarkably 
lower  amounts  of  change.  Detailed  study  yielded  valuable 
information  on  soil  physical  properties  (soil  texture)  and 
saturated  hydraulic  conductivity  (Ksat)-  Root  Zone  Water 
Quality  Model  has  been  employed  to  simulate  soil  water 
redistribution  during  the  dry  down  period,  and  therefore  to 
estimate  profile  soil  properties.  Results  provided  good 
relationships  between  surface  soil  moisture  dynamics  and 
profile  Ksat  values.  It  follows  that  temporal  variability  of 
surface  soil  moisture  can  be  used  as  indicators  of  both  surface 
and  sub-surface  soil  properties.  These  findings  have  potential 
application  of  microwave  remote  sensing  of  soil  moisture  to 
obtain  quick  estimates  of  spatial  distributions  of  soil 
properties  for  parameterization  of  mesoscale  hydrologic  and 
general  circulation  models. 


INTRODUCTION 

Information  on  surface  soil  moisture  is  important  to 
hydrologic  research  for  partitioning  rainfall  into  runoff  ^d 
infiltration  components  as  well  as  separating  incoming 
radiation  into  latent  and  sensible  heat  [8].  Hydrologically,  soil 
is  an  important  reservoir  of  fresh  water,  and  owing  to  the 
action  of  which  non  continuous  precipitation  is  transformed 
into  continuous  discharge  as  stream  base  flow  and  recharge  to 
ground  water.  Quantity  of  water  resources  available  in  a 
drainage  basin  is  therefore  greatly  influenced  by  soil 
hydrology.  Microwave  remotely  sensed  data  have  a  great 
potential  for  providing  areal  estimates  of  soil  moisture  [5]. 
Passive  microwave  remote  sensing  employs  measurements  of 
thermal  emission  from  soil  at  longer  microwave  wavelengths 


(>  10  cm)  to  determine  moisture  content  in  the  surface  layer. 
It  relies  on  the  fact  that  emissivity  at  these  wavelengths  is  a 
function  of  dielectric  constant  of  the  soil-water  mixture  and 
thus  soil  moisture.  Relationship  between  microwave  emission 
of  natural  surfaces  and  their  inherent  moisture  content  has 
been  studied  and  well  documented  in  the  literature  [5,7,8]. 
Studies  involving  truck  and  aircraft  measurements  not  only 
demonstrated  this  basic  relationship  but  have  also  helped  to 
quantify  effects  of  various  surface  parameters  such  as  soil 
texture,  roughness  and  vegetation  that  distort  and  confound 
the  basic  relationship  [7]. 

This  paper  demonstrates  that  temporal  measurements  of 
brightness  temperature  and  surface  soil  moisture  obtained 
from  microwave  remote  sensing  can  be  employed  to  estimate 
soil  hydraulic  properties.  This  research  suggests  that  two-day 
initial  drainage  of  soil  is  related  to  an  important  soil  property 
viz.  saturated  hydraulic  conductivity  (Kgat)- 


STUDY  AREA  AND  DATA  DESCRIPTION 

The  Little  Washita  watershed  occupies  an  area  of  610  km^ 
in  the  southern  part  of  the  Great  Plains  in  southwest 
Oklahoma.  The  watershed  has  long  term  hydrologic 
monitoring  facility.  Climate  of  the  region  is  classified  as  moist 
and  subhumid  with  an  average  annual  rainfall  of  about  750 
mm  [2].  A  research  experiment  (Washita'92)  was  a  carried  out 
in  the  watershed  during  June  10-18,  1992.  During  the 
experiment,  land  cover  in  the  watershed  was  dominated  by 
pasture  and  senesced  or  harvested  winter  wheat  [4].  The  forest 
cover  within  the  watershed  is  very  sparse  and  constitutes  a 
small  proportion  of  the  watershed.  As  part  of  the  Washita'92, 
multitemporal  airborne  microwave  data  were  collected  using 
the  Electronically  Steered  Thinned  Array  Radiometer 
^STAR)  [4].  ESTAR  is  a  synthetic  aperture,  passive 
microwave  radiometer  which  operates  at  L  band  (21  cm 
wavelength,  or  1.4  GHz  frequency)  [7].  Spatial  resolution  of 
the  ESTAR  data  collected  during  Washila'92  is  200  m. 

In  addition  to  the  aircraft  measurements,  a  large  number  of 
ground  soil  moisture  measurements  (more  than  700 
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gravimetric  samples  per  day)  were  carried  out  These  ground 
truth  data  have  been  used  to  support  and  validate  microwave 
remotely  sensed  data.  Profile  soil  moisture  was  measured  at 
thirteen  sites  using  a  Resonant  Frequency  Capacitance  (RFC) 
probe  [4],  The  study  area  experienced  heavy  rainfall  (more 
than  30  mm)  on  June  5, 1992,  and  moderate  rainfall  continued 
till  June  9,  1992.  However,  there  was  no  rainfall  in  the 
watershed  for  the  entire  duration  of  the  Washita'92 
experiment  [4].  Therefore,  hydrologic  conditions  in  the 
watershed  were  ideal  because  it  was  possible  to  follow  a 
drying  period  from  very  wet  (about  30%)  to  dry  (about  10%) 
over  a  period  of  nine  days  (fig.  1). 


TEMPORAL  CHANGES  OF  BRIGHTNESS 
TEMPERATURE  AND  SOIL  MOISTURE 

Data  collected  firom  ESTAR  were  converted  into  brighmess 
temperature  values  [7].  Daily  maps  of  brightness  tempmture 
portrayed  significant  spatial  and  temporal  variations.  On  June 
10,  1992,  the  watershed  was  characterized  by  regions  of  low 
temperatures  on  the  eastern  and  western  parts  separated  by  a 
region  of  comparatively  higher  temperatures  .  On  the  last  day, 
temperatures  increased  all  over  the  watershed  with  enhanc^ 
spatial  variation.  Surface  soil  moisture  information  was 
generated  from  brightness  temperature  after  correction,  where 
possible,  for  vegetation  effects,  and  validated  using  field 
measurements  [7].  Over  a  large  com  field,  which  represented 
the  densest  vegetation  cover  encountered  during  the 
experiment  (canopy  height  of  2.1  m),  excellent  match  was 
obtained  between  predicted  and  measured  soil  moisture,  with 
an  average  absolute  error  of  less  than  1.5%  [6].  On  June  10, 
1992,  wet  and  dry  soils  had  a  volumetric  moisture  contents  of 
about  35%  and  15%,  respectively.  Therefore,  at  the  start  of 
the  experiment,  surface  soil  was  at  near  saturated  condition  in 
the  eastern  and  western  part  of  the  watershed.  Dry  down 
pattern  of  the  soil  was  captured  clearly  in  the  soil  moisture 
maps.  These  observations  of  temporal  surface  soil  moisture 
are  interesting  from  hydrologic  perspective  to  establish 
relationship  between  changes  in  soil  moisture  and  soil  texture. 

Spatial  and  temporal  variations  of  soil  moisture  observed 
during  Washita'92  were  mainly  attributed  to  drainage  and 
redistribution  of  water  content.  Hydro-meteorological 
parameters  could  be  considered  spatially  constant  because  of 
their  small  variation  across  the  area.  Drainage  is  mainly 
controlled  by  physical  property  viz.  soil  texture,  and 
hydrologic  property  viz.  Ksat*  A  careful  study  of  spatial 
distribution  of  Iwth  brightness  temperature  and  soil  moisture 
revealed  that  distribution  follows  Ae  pattern  of  soil  texture. 
This  observation  is  obvious  in  fig.  1  which  shows  the 
temporal  variation  of  soil  moisture  for  five  different  soil 
types.  An  analysis  was  carried  out  within  a  GIS  framework  to 
correlate  soil  moisture  change  and  soil  texture  [8].  This 
demonstrated  that  silt  loam  and  loam  soils  are  characterized 
by  higher  changes  of  total  moisture  content,  whereas  sandy 
loam  and  sandy  soils  are  associated  with  lower  changes. 
These  characteristics  may  be  related  to  hydraulic  properties  of 
the  soil.  Sandy  soils  with  higher  hydraulic  conductivity  drain¬ 


June,  1992 


Fig.  1.  TempOTal  variations  of  surface  soil  moisture  for  various 
soil  texture  types  typically  found  in  Little  Washita  watershed. 
Different  soil  types  have  distinct  characteristics  of  soil 
moisture  contents  and  the  associated  temporal  changes,  which 
therefore,  can  be  used  as  indicators  of  soil  texture. 

ed  quickly,  whereas  loamy  soils  having  lower  hydraulic 
conductivity  did  not  drain  Irefore  the  start  of  the  experiment 
on  June  10, 1992  [8].  This  is  an  important  observation  in  that 
it  suggests  that  remotely  sensed  soil  moisture  information  can 
be  employed  to  identify  soil  types  and  to  estimate  soil 
hydraulic  properties. 


ESTIMATION  OF  SOIL  HYDRAULIC  PROPERTIES 

In  a  recent  study,  statistically  significant  relationships  have 
been  established  tetween  changes  in  moisture  content  of  the 
surface  soil,  2  days  after  a  thorough  wetting,  and  average  Kgat 
of  the  soil  profile  [1].  Such  relationships  are  valuable  to 
obtain  estimates  of  an  avoage  Kgat  from  remotely  sensed  soil 
moisture  observations  made  at  2-day  temporal  resolution. 
Study  was  conducted  to  establish  such  relationships  for  the 
field  conditions  of  Washita’92.  A  state-of-the-art  physically 
based  soil  hydrology  model  viz.  the  Root  Zone  Water  Quality 
Model  (RZWQM)  [3]  and  a  GIS  have  been  employed  to 
carryout  soil  moisture  simulation  studies  to  estimate  profile 
Ksat-  Details  of  the  modeling  procedure  have  been  reported 
elsewhere  [8].  Approximate  profile  soil  hydraulic  properties 
obtained  from  soil  series  maps  and  soil  texture  data  were 
optimized  and  validated  using  field  measurements.  Results  of 
model  simulations  were  employed  to  calculate  the  harmonic- 
mean  Ksat  for  ©ach  site.  Figs.  2(a)-(b)  show  relationships 
between  two-day  initial  surface  drainage  (0-5  cm  depth)  and 
profile  harmonic-mean  Ksat  for  5  cm  and  60  cm  depths, 
respectively.  The  least  squared  linear  regression  equations 
presented  in  fig.  2  suggest  that  profile  harmonic-mean  Ksat 
bears  good  positive  relationship  with  two-day  changes  in 
surface  soil  moisture  (with  correlation  coefficients  of  0.77  and 
0.68  for  5  cm  and  60  cm  depths,  respectively).  The  results  are 
in  close  agreement  with  that  reported  by  literature  [1]. 
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moisture  data.  Lxing  term  potential  applications  of  these 
results  are  derivation  of  soil  properties  on  a  regional  and 
continental  scale  from  space  borne  remote  sensing  platforms 
for  input  into  mesoscale  and  general  circulation  models. 
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Fig.  2.  Relationships  between  profile  harmonic-mean  Kgat 
derived  from  hydrologic  model  simulations  and  two-day 
initial  changes  in  surface  soil  moisture  obtainable  from 
microwave  remote  sensing. 


CONCLUSIONS 
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distinct  pattens  of  soil  moisture  contents  and  di^nage  which 
suggested  that  remotely  sensed  soil  moisture  contents  and 
their  temporal  changes  could  be  employed  to  identify  soil  type 
and  to  estimate  soil  hydraulic  properties.  A  methodology  was 
developed  to  employ  remotely  sensed  data  to  estimate  profile 
Ksat  using  a  hydrologic  model  and  CIS.  Relationships  were 
established  between  profile  harmonic-mean  Kgat  and  two-day 
soil  moisture  change.  Results  demonstrated  that  temporal 
changes  in  surface  soil  moisture  observed  from  remote 
sensing  can  be  used  to  estimate  soil  hydraulic  properties.  The 
findings  have  a  significant  potential  to  obtain  quick  estimates 
of  spatial  distribution  of  Kgat  from  remotely  sensed  soil 
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INTRODUCTION 

During  1992  and  1994  NASA/GSFC,  USD  A,  and 
Princeton  University  conducted  hydrology  field  experiments 
in  the  Little  Washita  River  watershed  near  Chickasha, 
Oklahoma  with  a  goal  of  characterizing  the  spatial  and 
temporal  variability  of  soil  moisture  using  microwave  sensors 
from  ground,  aircraft,  and  space  platforms.  A  major 
objective  of  these  activities  included  the  subsequent 
incorporation  of  the  microwave-derived  soil  moisture 
patterns  in  models  of  larger  scale  water  balance  and  partial 
area  hydrology.  While  work  is  continuing  to  improve  the 
accuracy  of  microwave  soil  moisture  inversion  algorithms  for 
both  bare  and  vegetated  soils,  the  impact  of  errors  in 
estimated  soil  moisture  on  hydrological  modeling  of  the 
watershed  has  yet  to  be  addressed. 

In  this  study  a  coupled  water  and  energy  balance  model 
operating  within  a  topographic  framework  was  used  to 
predict  surface  soil  moisture  fields  for  the  Little  Washita 
watershed  for  an  eight-day  period  in  June,  1992  which 
covered  a  wide  range  of  soil  moisture  conditions.  The  model 
was  first  driven  by  meteorological  forcing  data,  and  the 
model-generated  soil  moisture  fields  are  compared  in  space 
and  time  to  those  produced  for  the  watershed  by  the  airborne 
passive  microwave  ESTAR  sensor  for  the  same  time  period. 
In  a  second  analysis,  the  model  was  initialized  by  the  remote 
sensing  data,  and  subsequent  model  predictions  of  soil 
moisture  are  compared  to  measured  values. 

WASHITA  ‘92  EXPERIMENT 

The  Little  Washita  River  watershed  is  situated  in  southwest 
Oklahoma  in  the  Great  Plains  region  of  the  United  States  and 
covers  an  area  of  approximately  600  km\  Extensive  data 
collection  for  the  Washita  ‘92  experiment  occurred  during 
the  period  of  June  10  through  June  18,  1992  following 


several  weeks  of  heavy  rain.  Surface  cover  in  the  watershed 
was  predominantly  pasture,  rangeland,  and  senesced  or 
harvested  winter  wheat,  with  some  agricultural  crops  (corn, 
alfalfa)  and  urban  and  woodland  areas.  Eight  days  of  passive 
microwave  measurements  from  the  airborne  ESTAR  1 .4  GHz 
radiometer  were  acquired  along  with  supporting  ground  truth 
data  as  the  soil  dried  out  from  saturation  level  [1].  ESTAR 
data  were  processed  to  produce  calibrated  brightness 
temperature  maps  on  a  200-m  grid  for  the  northern  two-thirds 
of  the  Little  Washita  watershed.  Using  a  soil  moisture 
retrieval  algorithm  which  incorporated  information  about  soil 
texture  and  surface  cover,  these  brightness  temperatures  were 
then  converted  into  estimates  of  soil  moisture  for  the  0-5  cm 
surface  layer  for  each  flight  day  [2].  The  ESTAR-derived 
soil  moisture  maps  were  used  in  this  study  both  for  assessing 
the  accuracy  of  the  hydrological  model  results  and  for  model 
initialization. 


HYDROLOGICAL  MODELING 

Surface  soil  moisture  fields  for  the  Little  Washita 
watershed  for  June  10-18,  1992  were  generated  by  a  semi- 
distributed  coupled  water  and  energy  balance  hydrological 
model.  The  model  uses  spatially  distributed  topographic  and 
soils  data  to  develop  a  statistical  distribution  of  hydrological 
response  to  meteorological  forcings.  The  model  assumes  that 
subsurface  moisture  flows  are  driven  by  topographic 
gradients  as  described  by  the  soil-topographic  index,  and  uses 
Brooks-Corey  equations  to  relate  soil  moisture,  matrix 
potential,  and  unsaturated  hydraulic  conductivity.  The 
unsaturated  soil  column  is  divided  into  two  layers:  a  5-cm 
thin  upper  layer  and  a  deeper  transmission  zone;  vegetation 
roots  can  be  distributed  between  both  layers.  For  modeling 
purposes,  a  modeling  element  (pixel)  can  be  divided  into  bare 
soil  and  vegetated  areas  (fractional  coverage),  with  the  latter 
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including  canopy  interception  storage  in  the  flux  calculations. 
The  model  is  described  in  [3]. 

Meteorological  forcings  used  in  the  model  include 
available  energy  (net  radiation  minus  ground  heat  flux),  air 
temperature,  relative  humidity,  and  wind;  there  was  no 
precipitation  during  the  experimental  period.  Radiation  and 
meteorological  data  were  measured  at  three  sites  and 
averaged  across  the  watershed.  The  data  were  reported  every 
30  minutes  and  used  at  that  time  step  for  the  simulations  in 
this  study.  The  data  are  described  in  [1]. 

RESULTS 

Calibration  of  hydrological  models  has  usually  been  carried 
out  on  the  basis  of  streamflow  recession  analysis.  Following 
this  procedure,  the  hydrological  model  described  above  was 
run  for  the  Little  Washita  for  the  period  June  10-18,  1992. 
The  0-5  cm  soil  moisture  fields  generated  by  the  model  for 
the  wet  day  of  June  10  are  shown  in  Fig.  1(a),  where  darker 
tones  represent  wetter  areas.  The  model  outputs  were 
compared  to  ESTAR-derived  soil  moisture  values  whose 
accuracy  was  validated  using  ground  measurements  of  soil 
moisture  from  a  number  of  test  fields  in  [2]. 

In  general,  the  hydrological  model  initialized  with  stream- 
flow  data  on  June  10  produced  surface  soil  moisture  fields 
that  were  too  wet  on  June  10  and  remained  wetter  than  the 
ESTAR  soil  moisture  throughout  the  drydown  period.  Fig. 
2(a)-2(b)  show  difference  images  on  a  wet  and  dry  day 
created  by  subtracting  ESTAR  soil  moisture  from  the  model 
soil  moisture;  black  indicates  areas  of  no  data  (no  ESTAR 
flightlines),  bad  data  (RFI  noise),  or  manmade  structures 
(turnpike  running  diagonally  across  the  watershed).  Both 
difference  images  as  well  as  the  histogram  in  Fig.  2(c)  clearly 
demonstrate  the  overall  model  bias  to  wetter  values.  This 
result  is  not  surprising  given  that  the  baseflow  component  of 
the  water  budget  is  often  a  minor  factor,  especially  during 
summer  months,  and  may  be  an  inappropriate  state  variable  if 
calibration  of  the  surface  parameterization  for  infiltration  and 
evaporation  is  desired. 

In  the  second  set  of  model  runs,  the  hydrological  model  was 
initialized  using  the  ESTAR  soil  moisture  from  June  10.  This 
was  accomplished  by  adjusting  the  basin  average  soil 
moisture  from  the  model  to  match  the  basin  average  soil 
moisture  from  ESTAR.  Implicit  in  this  approach  is  the 
assumption  that  pixels  with  the  same  soil  topographic  index 
respond  the  same  way  hydrologically.  Model  soil  moisture 
fields  on  June  10  resulting  from  the  remote  sensing 
initialization  are  shown  in  Fig.  1(b).  Compared  with  Fig. 
1(a),  it  is  obvious  that  the  model  can  now  resolve  small  farm 
ponds  and  saturated  areas  in  ways  that  were  impossible  with 
the  streamflow  initialization.  Difference  values  in  Fig.  2(d)  - 
2(0  indicate  that  the  model  soil  moisture  fields  now  match 


(a) 


(b) 

Fig.  1.  Model  soil  moisture  fields  on  June  10  from  initializa¬ 
tion  with  (a)  June  10  baseflow  and  (b)  June  10  ESTAR. 

the  observed  surface  soil  moisture  from  ESTAR  much  more 
closely  throughout  the  drydown  period  with  less  bias. 
Furthermore,  the  spatial  distribution  of  surface  wetness  which 
implies  spatially  different  rates  of  drying  can  be  related  to 
differences  in  soil  hydraulic  properties.  Thus,  in  addition  to 
producing  better  overall  simulations  of  the  hydrological 
response  of  the  watershed,  model  initializaton  with  the 
microwave-derived  soil  moisture  could  also  be  used  to 
provide  more  accurate  values  of  hydraulic  parameters  for  the 
dominant  soil  texture  classes  in  the  area. 
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Fig.  2.  Difference  images  of  0-5  cm  surface  soil  moisture  created  by  subtracting  ESTAR  soil  moisture  from  hydrological 
model  soil  moisture  using  (a)  model  initialized  w/June  10  baseflow  for  June  10  (wet  day);  (b)  model  w/June  10  baseflow 
for  June  16  (dry);  (d)  model  initialized  w/June  10  ESTAR  for  June  10  (wet);  (e)  model  w/June  10  ESTAR  for  June  16 
(dry).  Histogram  distributions  on  June  16  for  (c)  model  w/baseflow  and  (f)  model  w/ESTAR. 
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ABSTRACT 

The  Shuttle  Imaging  Radar  experiments  in  1994  (SIR- 
C/X-SAR)  involved  simultaneous  data  acquisition  at  a  variety  of 
frequencies  and  polarizations  that  included  those  of  all  existing 
and  near  future  satellite  SAR  systems.  As  part  of  SIR-C/X-SAR 
a  soil  moisture  experiment  was  conducted  in  the  Little  Washita 
watershed  located  in  OldahcHna.  H/drologic  conditions  during  the 
April  mission  started  from  a  mostly  wet  soil  condition  with  no 
additional  rain  for  the  duration  of  the  mission.  A  data  set  of 
georegistered  SIR-C  and  X-SAR  data  and  ground  observations 
has  been  prepared  for  distribution.  Daily  changes  in  incidence 
angle  were  normalized  using  published  results  for  various  land 
cover  types.  These  normalized  data  were  then  related  to  soil 
moisture  for  satellite  configurations  representative  of  ERS-1  and 
2,  Radarsat,  JERS-1,  and  other  planned  missions.  Initial  results 
show  that  for  rangeland  regions  the  empirical  angular  correction 
performs  well  and  that  some  single  frequency-polarization 
combinaticHis  can  be  used  fcM*  estimating  soil  moisture  if  additional 
land  cover/vegetation  factors  are  considered. 

INTRODUCTION 

Operational  satellite  synthetic  aperture  radar  (SAR) 
systems  have  been  available  for  several  years,  and  a  number  of 
studies  have  been  ccxiducted  to  evaluate  the  potential  of  these  data 
for  surface  soil  moisture  estimation.  For  the  most  part  these 
studies  have  been  of  limited  success  and  no  robust  procedure  for 
soil  moisture  has  emerged.  Possible  reasons  for  the  lack  of 
progress  in  this  area  include  the  difficulty  of  algorithm 
development  and  verification  with  limited  temporal  coverage,  the 


available  system  designs,  and  the  inherent  limited  information 
ccwitent  of  a  single  frequency  and  polarization  system.  The  Shuttle 
Imaging  Radar  experiments  in  1 994  (SIR-C/X-SAR)  involved 
simidtaneous  data  acquisition  at  a  variety  of  frequencies  and 
polarizations  that  included  those  of  all  existing  and  near  future 
satellite  SAR  systems.  As  part  of  SIR-C/X-SAR  a  soil  moisture 
experiment  was  conducted  in  the  Little  Washita  watershed  located 
in  Oklahoma.  Ground  based  soil  moisture  sampling  was 
conducted  concurrent  with  the  SIR-C/X-SAR  observations  for  a 
number  of  sites  which  were  representative  of  the  region 
(dominated  by  rangeland).  In  addition  to  providing  a  suite  of 
radar  observations,  the  hydrologic  conditions  during  the  8  day 
April  mission  were  started  with  wet  soil  conditions  with  no 
additional  rain  for  the  duration  of  the  mission.  Thus  within  a 
relatively  short  time  period,  a  wide  range  of  soil  moisture 
conditions  were  observed  with  minimal  change  in  other  physical 
parameters  such  as  biomass.  The  objective  of  this  paoer  is  an 
assessment  of  the  utility  of  the  SIR/C-X/SAR  data  in  the 
development  and  assessment  of  different  approaches  to  soil 
moisture  estimation  based  on  existing  satellite  radar  sensors, 

THE  WASHITA94  SIR-C/X-SAR  DATA  BASE  ON  CD 

One  of  the  majcx  issues  addressed  was  the  assembly  and 
integration  of  a  wide  variety  of  data  collected  as  part  of 
Washita94,  including  the  SIR-C/X-SAR  observations.  All  of  the 
data  directly  related  to  the  two  SIR-C/X-SAR  missions  (April  and 
October)  have  been  assembled  on  a  CD  for  distribution.  Data  are 
arranged  in  the  following  directories: 
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1 .  Descriptions  of  the  ground  test  sites 

2.  Average  soil  moisture  for  each  site 

3.  Site  location  maps 

4.  False  color  composite  images  collected  4/6/94  of  most 
test  sites  using  the  NSOOl  multispectral  sensor 
ontheC- 130  aircraft 

5.  Landsat  Thematic  Mapper  data  from  4/1 2/94. 

6.  ERS- 1  satellite  radar  data  from  4/1 5/94 

7.  SIC-C  data  from  April  (dB) 

8.  SIC-C  data  from  October  (dB) 

9.  X-SAR  data  from  April  (dB) 

10.  Truck  based  radar  observations  (C  and  L  band,  all 
polarizations  and  a  range  of  angles) 

Sites  and  Ground  Sampling. 

The  majority  of  the  24  test  sites  used  in  Washita94  were 
selected  to  provide  representative  spatially  distributed  soil 
moisture  information.  Four  of  these  sites  were  used  solely  for 
transect  soil  moisture  studies  and  two  sites  were  sampled 
occasionally  by  investigators  for  specific  reasons.  In  addition, 
some  changes  in  the  sites  used  were  made  during  the  different 
e)q)erimental  periods.  Data  included  for  each  site  are  site  coding, 
soil  texture,  bulk  density,  vegetation  parameters  (wet  and  dry 
biomass),  and  surface  roughness. 

The  primary  purpose  for  collecting  ground  observations 
of  surface  soil  moisture  was  to  provide  calibration  and  verification 
data  for  the  microwave  remote  sensing  instruments.  Sites  were 
selected  in  an  attempt  to  include  a  representative  sampling  of  the 
various  soil  textures  and  land  cover  conditions.  In  addition,  it  was 
desirable  to  have  these  sites  spatially  distributed  over  the  600  sq. 
km.  study  area  (in  case  of  spatially  distributed  rainfall  events)  and 
also  to  have  some  clustered  for  radar  analysis.  For  most  of  the 
sites,  the  primary  goal  was  to  determine  the  field  average  soil 
moisture.  Gravimetric  soil  moisture  sampling  was  used  to 
characterize  the  0-5  cm  layer.  These  data  were  converted  to 
volumetric  soil  moisture  using  the  bulk  density  observations  at 
each  site.  Some  limited  sampling  of  the  0-1  cm  layer  was  also 
performed. 

Other  Satellite  Data. 

A  Landsat  Thematic  Mapper  image  was  acquired  April 
12, 1994.  This  image  was  georegistered  to  topographic  maps  and 
then  the  primary  stu<fy  area  was  extracted.  This  image  served  as 
the  base  for  georegistering  the  radar  data  sets.  The  data  are  in 
individual  TIF  grayscale  files  for  each  chaimel.  Processed  files 
contain  934  lines  by  1467  pixels  at  a  resolution  of  30  m. 

A  single  ERS-1  image  (SGF  product)  was  available  for 
April  15,  1994  and  was  corrected  for  antenna  pattern  using  an 
algorithm  provided  by  the  Canadian  Centre  for  Remote  Sensing. 
The  ERS-1  image  was  georegistered  to  the  TM  image  using 
control  points,  resampled  to  a  30  m  resolution,  and  stored  as 
describe  above  for  the  Landsat  data. 

Sm-C  and  X-SAR  Data. 

The  original  SIR-C  and  X-SAR  data  sets  (Table  1)  as 


processed  and  calibrated  by  NASA  JPL  were  were  the  basis  for 
the  data  sets  generated  here.  NASA  JPL  software  was  modified 
to  output  the  data  as  a  backscattering  coefficient  with  the  same 
scale  used  on  all  dates.  The  use  of  one  scale  for  all  the  images 
should  facilitate  day  to  day  comparisons.  These  data  sets  were 
then  processed  as  described  above.  Coverage  on  each  day  varies 
greatly  due  to  the  different  modes,  angles  and  orientation. 

Table  1 .  Summary  of  Washita94  SIR-C  and  X-SAR  Data  Sets 

Incidence  Angle  Polariza- 


Date 

Pass(l) 

at  Center  (deg.) 

tions 

X-SAR 

4/11/94 

a 

28.0 

hhhv  w 

y 

4/12/94 

a 

42.3 

hhhvw 

y 

4/13/94 

a 

50.1 

hhhv  w 

y 

4/14/94 

a 

56.3 

hhhv 

y 

4/14/94 

d 

48.3 

hhhv 

y 

4/15/94 

a 

60.2 

hhhvw 

n 

4/15/94 

d 

42.4 

hhhvw 

y 

4/16/94 

d 

36.2 

hhhvw 

y 

4/17/94 

d 

30.9 

hhhvw 

n 

4/18/94 

d 

26.5 

hhhvw 

y 

10/02/94 

a 

28.4 

hhhvw 

n 

10/03/94 

a 

41.3 

hhhvw 

n 

10/04/94 

a 

49.9 

hhhvw 

n 

10/05/94 

d 

47.2 

hhhvw 

n 

10/06/94 

d 

40.1 

hhhvw 

n 

10/10/94 

d 

34.4 

hhhvw 

n 

(1)  a=ascending  and  d==descending 

ANGULAR  ADJUSTMENTS  OF  SIR-C  AND  X-SAR 
DATA 

A  majcr  problem  in  utilizing  the  SIR-C  and  X-SAR  data 
for  generating  data  sets  comparable  to  those  collected  by 
operational  satellites  is  the  change  in  angle  that  occurs  each  day 
during  the  missions  .  We  utilize  the  extensive  results  published 
by  Ulaby  and  Dobson  [1]  as  a  means  of  correcting  for  these 
changes.  This  publication  summarizes  numerous  data  bases  and 
describes  the  backscattering  coefficient  (a°  )  as  a  function  of  land 
cover,  band  (frequency),  and  polarization.  For  each  of  these 
categories,  using  the  data  sets  available,  the  authors  have  fit  a 
nonlinear  fiinction  that  predicts  a®  as  a  fimction  of  angle  (0)  and 
have  summarized  the  parameters  for  each  function.  These 
nelaticxiships  are  used  here  to  examine  the  angular  sensitivity  of  o® 
for  specific  land  cover  types  found  in  the  study  area.  As  an 
example.  Figure  1  shows  the  predicted  relationships  for  grasses 
fix- all  oftheSIR-C/X-SAR  frequencies.  Key  points  of  this  figure 
include  the  relatively  low  sensitivity  to  0  of  a®  above  30® 
(coiTq)ared  to  that  at  low  values  of  0  and  the  overall  consistency  of 
&e  pattern  regardless  of  the  frequency-polarization  chosen. 

¥oc  the  purposes  of  the  current  investigation,  the  results 
of  these  angular  studies  mean  that  (for  a  first  pass  analysis)  at 
larger  viewing  angles  we  can  compare  the  various  SIR-C/X-SAR 
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data  passes  on  a  day  to  day  basis  with  minimal  concern  for  angular 
changes.  This  allows  us  to  focus  on  the  soil  moisture  changes. 
These  results  also  suggest  that  it  is  possible  to  develop  a 
quantitative  angular  adjustment  technique.  Utilizing  the  angular 
fiinctions,  we  can  specify  a  particular  viewing  angle  representative 
of  a  satellite  configuration  and  compute  the  differences  between 
a®  at  this  angle  and  the  angle  of  observation  of  each  SIR-C/X- 
SAR  pass.  This  results  in  a  correction  factor  for  each  land  cover- 
frequency-polarization-pass  combination.  By  applying  these 
correction  factors  to  the  SIR-C/X-SAR  observations  we  simulate 
the  observations  that  might  be  made  by  a  particular  operational 
satellite  utilizing  a  particular  viewing  angle.  In  Figure  2  the 
observations  made  over  one  of  the  rangeland  sites  on  all  passes 
have  been  plotted  along  with  the  predicted  relationship  (assuming 
that  angular  change  is  the  only  significant  variable).  The  angular 
model  tracks  the  observed  data  pattern  fairly  well.  Unfortunately, 
if  much  of  the  observed  variation  can  be  explained  by  angular 
change  then  it  may  be  difficult  to  isolate  soil  moisture  effects. 

The  correction  approach  described  above  was  used  to 
evaluate  the  ERS-1  configuration  (C-VV-23°)  for  estimating  soil 
moisture  over  grasslands.  These  results  are  shown  in  Figure  3. 
The  soil  moisture-o®  relaticxiship  based  on  a  linear  regression  had 
a  standard  error  of  estimate  of  0.055  for  soil  moisture  which  is 
typical  of  results  published  elsewhere  [2-5]. 

SUMMARY 

The  development  and  evaluation  of  operational  satellite 
radar  sensors  for  soil  moisture  estimation  has  been  quite  limited. 
Part  of  the  problem  has  been  the  lack  of  adequate  temporal 
coverage  cxxiqxiunded  by  uncxHitrollable  changing  site  conditions. 
Data  collected  during  the  Washita94  SIR-C/X-SAR  experiments 
were  ideaUy  suited  jEdt  soil  moisture  studies  due  to  a  wide  range  of 
moisture  conditicxis  within  the  short  mission  duration.  These  data 
have  been  processed  and  integrated  into  a  data  set  available  for 
distributioa  A  procedure  is  suggested  here  for  utilizing  this  data 
set  to  evaluate  the  potential  of  various  satellite  configurations  in 
estimating  soil  moisture  for  the  range  of  conditions  encountered 
in  the  Washita94  investigation. 


Geoscience  and  Remote  Sensing  Synposium  1 994,  IEEE  0-7803- 
1497-2/94:1424-1426, 1994. 

[5]  F.  Von  Ponce  and  M.  Tapkenhinrichs,  “Analysis  of  soil 
physical  parameters  and  their  influence  on  ERS-1  backscatter,” 
Proc.  of  the  hit.  Geoscience  and  Remote  Sensing  Symposium 
1994,  IEEE  0-7803-1497-2/94:1432-1434, 1994. 


Figure  1 .  Predicted  angular  response  of  backscattering  coefficient 
as  a  function  of  viewing  angle  for  grass  based  on  [1]. 


Figure  2.  Observed  and  predicted  values  of  the  backscattering 
coefficient  for  all  SIR-C  C  band  w  passes  of  field  23. 
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Figure  3.  Observed  C  band  w  SIR-C  observations  of  soil 
moisture  and  backscattering  coefficient  for  all  grassland  sites. 
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ABSTRACT 


During  the  1994  SIRC/XSAR  mission  (Shuttle  Imaging 
Radar  C/X-  Synthetic  Aperture  Radar),  a  part  of  the  scientific 
activities  was  devoted  to  hydrology  applications.  In  April  94, 
as  the  ground  condition  stayed  very  wet  over  the  Orgeval 
watershed  (France),  the  SAR  imagery  was  used  to  assess  the 
sensitivity  of  radar  on  the  single  problem  of  soil  roughness 
over  bare  soils.  To  complement  the  Shuttle  Radar  data  the 
helicoper-bome  scatterometer  ERASME  was  used.  As  a  result, 
incidence  angles  ranging  from  25  to  50  degrees  are  available  in 
C  and  X  bands.  Principal  results  are  the  followings.  The 
difference  in  backscatter  response  due  to  direction  angles 
(perpendicular  and  parallel  to  the  row  direction)  remain  large 
over  fields  with  moderate  periodicity  and  height  root  mean 
square.  The  comparison  between  radar  data  and  numerical 
simulations  from  a  theoritical  model  (lEM)  and  a  semi> 
empirical  algorithm  (Oh  et  al,  1994)  shows  adequacies  and 
limits.  The  lEM  model  reproduces  well  radar  scatter  over 
smooth  surfaces.  The  Oh  algorithm  agrees  with  the  backscatter 
response  over  rough  surfaces  at  medium  incidence  angle. 


INTRODUCTION 


In  the  first  part  of  this  paper,  the  “SIRC/XSAR 
Orgeval  1994"  Campaign  is  presented,  including  the  field 
surface  parameters  and  radar  measurements.  It  was  conducted  in 
collaboration  between  the  CEMAGREF/  Antony  (Centre 
d'Etude  du  Machinisme  Agricole,  du  Genie  Rural,  et  des  Eaux 
et  Forets)  and  the  CETP/CNRS  (Centre  d'Etude  des 
Environnements  Terrestre  et  Planetaires). 

In  the  second  part,  the  main  results  are  presented. 


THE  SIRC/XSAR  ORGEVAL’ 1994  EXPERIMENT 


The  Orgeval  site  extends  on  8  by  8  km^.  East  of 
Paris  (France).  The  soil  texture  is  relatively  constant:  clay, 
17%,  limon,  78%,  sand  5%.  In  April  1994,  the  single 
vegetation  canopy  was  winter  wheat  (20  cm  high)  covering 
40%  of  the  area.  The  remaining  part  are  bare  fields,  classified 
in  three  types:  sowing  of  peas  eroded  by  rain  resulting  in  a 
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smooth  crusted  top  layer,  sowing  of  peas  and  flax 
corresponding  to  smooth  surface  with  numerous  clods,  and 
different  ploughed  soil  pratices  for  future  cultures.  As  result  of 
a  heavy  rainy  winter,  during  the  5  day  SAR  survey,  soil 
moisture  remains  high  and  constant  over  the  watershed  (about 
0.35  cm3/cm3)  and  soil  roughnesses  and  practices  were  the 
remaining  factors  of  the  radar  variability. 

A  global  survey  was  done  by  elaborating  crop  map 
and  photographies  of  soil  surfaces  over  50  bare  fields.  Ten 
fields  representative  of  the  crop  practices  (4  of  wheat,  2  of 
peas,  3  of  corn,  1  of  ploughed  soil)  were  intensively 
caracterized.  Soil  moisture  and  density  measurements,  heights 
profiles  by  pin-profilers  were  done.  For  analysis  of  the  radar 
backscatter  from  soils,  the  statistical  parameters  of  the  surface 
geometry  have  to  be  estimated,  taking  into  account  two  spatial 
scales  of  roughness,  the  small  scale  random  roughness  (clods) 
and  the  larger  scale  periodic  roughness  (rows).  They  were 
derived  from  height  profiles  measurements  parallel  and 
perpendicular  to  the  row  direction  by  pin-profiler  (2  meter 
length),  following  the  method  developped  by  Rakatoarivony  et 
al.  [1].  It  is  based  on  a  description  of  the  surface  proposed  for 
plowed  fields  by  Shin  and  Kong  [2]:  a  randomly  perturbed 
quasi  periodic  surface.  The  parameters  of  the  small  scale  are 
rms  height  s  and  length  of  correlation  1,  and  of  the  large  scale 
are  periodicity  P,  width  of  the  narrow  frequency  band  L,  rms 
heights  S.  The  small  scale  correlation  function  is  modelled  by 
an  exponential  function.  Field  roughness  parameters  are  given 
in  Table  1.  Over  smooth  sowing  surfaces,  retrieved 
periodicities  are  not  significant,  as  they  are  close  of  the  pin- 
profiler  Shannon  frequency  (1  meter).  Row  periodicity  is  not 
measurable,  even  if  the  furrow  line  is  visible  to  the  eye,  as  the 
line  is  broken  in  clods. 

The  radar  measurements  were  done  by  two  sensors. 
The  CETP  helicopter-borne  FMCW  scatterometer  ERASME 
operates  in  C  and  X  bands  (5.35  and  9.65  GHz)  with  a  wide 
range  of  incident  angles  (here  from  25°to  50°).  The  pixel  size 
after  averaging  is  10m  x  20m.  Relative  calibration  within  1 
dB  upon  cross  section  is  achieved  within  an  aperture  range  of 
+7°  around  the  antenna  axis.  A  more  detailed  description  of  the 
radar  and  its  calibration  is  given  in  Benallegue  et  al.  [3]. 

The  SIRC/XSARs  images  angles  range  from  44°  to 
57°  (14  to  18  April  1994).  Simultaneous  flights  of  ERASME 
were  done  looking  in  the  SIRC/XSAR  direction  and  over 
some  fields  perpendicular  and  parallel  to  the  rows  directions. 
Differences  in  calibration  between  the  two  sources  of  radar  data 
were  evaluated  over  natural  targets  and  are  smaller  than  2dB. 
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and  within  the  absolute  calibration  accuracy  level  for  both 
SIRC/XSAR. 


COMPARISON  WITH  MEASURED  AND  SIMULATED 
RADAR  DATA 


1-  Influence  of  direction  toward  rows 

Present  empirical  models  developped  on  radar  measurements  to 
infer  soil  moisture  and  surface  roughness  are  essentially  built 
for  isotropic  surfaces  (Oh  et  al.  [4]).  Nevertheless,  they 
circumvent  the  difficulty  of  the  radar  sensitivity  to  view  angle 
with  row  direction  over  agricultural  surfaces.  Most 
observations  were  done  on  pronounced  ridges  (built  for 
irrigation)  which  explains  important  azimutal  effect  on 
backscatter.  Figure  1  shows  that,  on  the  Orgeval  site  with 
moderate  periodicity  and  r.m.s.  heights  (Table  1)  significant 
enhancement  scattering  (up  to  5dB  with  an  average  of  2  dB) 
can  be  observed  between  parallel  and  perpendicular  directions 
rows  both  in  C  and  X  bands  from  ERASME  data.  The  Integral 
Equation  Model  of  Fung  et  al.  [5]  offers  the  possibility  to 
evaluate  this  directional  effect  by  taking  account  of  the  surface 
anisotropy.  The  cross  section  calculation  is  done  for  the  two 
bands  (C,  X)  and  the  surface  parameters  representative  of  the 
three  soil  classes  over  the  region  :  W3  for  very  smooth 
sowings,  W2  for  cloddy  sowings  and  PL9  for  ploughed  fields. 
The  surfaces  fall  within  the  lEM  validity  range.  It  is  seen,  that 
over  sowing,  simulated  direction  effect  remains  weak  (IdB)  and 
for  plough  tillage  increases  up  to  5  dB  (Figure  2).  The 
directional  sensitivity  may  be  underestimated.  An  explanation 
could  be  the  inadequacy  of  the  soil  description,  especially  for 
smooth  surfaces  where  the  row  periodicity  retrieval  is  not 
significant. 


2-  Comparison  between  simulated  and  measured  radar  data 

lEM  simulations  were  calculated,  taking  directely  for 
each  band  and  for  the  three  sets  of  surfaces,  the  fitted 
roughness  parameters  and  the  dielectric  constant  derived  from 
the  Hallikainen  et  al.  [6]  formula  for  the  given  soil  moisture 
and  texture.  Some  results  are  shown  in  Figures  3  and  4.  Very 
good  agreement  is  observed  between  the  model  simulations 
and  the  radar  measurements  in  absolute  level  (within  2  dB)  and 
across  the  entire  tested  angular  range,  in  L  band  (from  44  to  57 
degrees)  over  all  the  smooth  surfaces  (ks=0.14  and  0.18),  and 
in  C  band  (from  25  to  57  degrees)  only  over  the  smoothest 
ones,  corresponding  to  crusted  top  layer  (ks=0.61).  But  for 
roughest  conditions  (ks>  0.8),  lEM  simulations  tend  to 
become  flat  and  no  more  sensitive  to  incidence  angles.  The 
discrepancy  can  reach  ±10  dB. 

Based  on  experimental  observations  and  theoretical 
and  numerical  solutions,  a  semi-empirical  model  was 
developped  by  Oh  et  al.  [4]  for  the  backscattering  coefficients, 
in  terms  of  surface  dielectric  constant  and  two  surface  rouhness 
parameter  (rms  height  and  length  of  correlation).  Over  the 
angular  range  of  25  to  57  degree,  the  Oh  formulation 
reproduces  well  the  absolute  level  and  angular  decrease  in  XVV 


band,  within  ±2dB,  where  lEM  predictions  fail.  But  a  large 
shift  appears  between  experimental  data  and  calculations  in  C 
and  L  bands,  with  a  systematic  underestimation  of  the 
algorithm  (5dB)  (Figures  3  and  4). 


CONCLUSION 

The  comparison  between  measured  radar  data  and 
simulated  ones,  from  a  theoritical  retrodiffusion  model 
(Integral  Equation  Model  of  Fung  et  al.[5]  and  a  semi- 
empirical  algorithm  (Oh  et  al.  [4]  opens  some  questions: 

-  the  adequacy  of  the  surface  representation  (centered  over  an 
harmonic  component  with  a  narrow  spatial  frequency  band 
random  component)  for  simulating  the  dirctional  sensitivity  of 
radar  with  rows  directions  over  smooth  surfaces, 

-  the  derivation  of  theoritical  solutions  over  rough  surfaces, 

-  the  importance  of  validated  semi-empirical  algorithms  over 
various  data  sets  of  different  training  sources  (radar  and  natural 
conditions). 
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Figure  1:  Directional  sensitivity  of  backscatter  versus  furrows. 
Data  are  from  ERASME  scatterometer. 

lEM  SIMULATION  *  crusted  smooth  soil 

A  cloddy  smooth  soil 


Azimutal  difference  in  CHH  band  ■  ploughed  soil 


Figure  2:  Simulated  directional  effect  from  Integral  Equation 
Model.  Effects  are  evaluated  for  three  surfaces,  crusted  eroded 
soil,  cloddy  sowing  soil  and  ploughed  soil. 


Roughness  Parameters  (cm) 

Field 

s 

1 

S 

L 

P 

PLl 

2.7 

6.1 

0 

0 

0 

W2 

0.7 

5.9 

0.97 

34.7 

99.6 

W3 

0.5 

12.6 

0.73 

143.4 

197.3 

W4 

0.9 

2.5 

0.83 

42.4 

104.5 

Figure  3:  Comparisons  between  radar  cross  sections  and 
simulations  from  lEM  model  and  Oh  algorithm  for  one  surface 
roughness  (eroded  crusted  soil)  and  perpendicular  and  parallel 
direction  toward  rows  in  L  band. 


CONFIGURATION  XVV  - lEM  (PER) 

PLOUGHED  SOIL  -  -  -  lEM  (PAR) 
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Figure  4:  Same  results  in  X  band  for  ploughed  field. 


PL6 

3.8 

7.3 

0.94 

128.9 

94.3 

PL7 

2.5 

8.1 

1.73 

147.0 

45.2 

P8 

1.3 

3.5 

1.44 

93.7 

43.0 

PL9 

1.0 

8.1 

1.63 

115.3 

40.2 

PIO 

0.6 

5.7 

0.3 

172.1 

120.7 

Table  2:  Roughness  parameters  of  test  fields  (W:  Wheat,  P: 
Peas,  PI:  Ploughed  fields) 
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Abstract  -  In  this  paper,  the  feasibility  of  soil  moisture  retrieval 
from  radar  backscatter  data  acquired  from  surfaces  covered 
with  short,  dense,  and  herbaceous  vegetation  such  as  soybean 
is  studied.  For  this  purpose,  a  series  of  polarimetric  measure¬ 
ments  were  performed  on  a  soybean  field  at  L-,  C-,  and  X-band 
frequencies  over  a  wide  range  of  incidence  angles.  In  these  ex¬ 
periments  the  University  of  Michigan  polarimetric  scatterom- 
eter  systems  were  used.  The  backscatter  measurements  were 
conducted  for  two  extreme  vegetation  conditions  :  (1)  in  the 
middle  of  the  season  for  a  fully  grown  soybean  condition  when 
vegetation  biomass  is  maximum,  and  (2)  toward  the  end  of 
the  season  when  the  leaves  were  fallen  and  the  plants  were 
drier.  For  each  vegetation  condition  backscatter  measurements 
were  also  conducted  under  different  soil  moisture  conditions 
to  examine  the  sensitivity  of  radar  backscatter  to  soil  mois¬ 
ture.  Simultaneous  with  the  radar  measurements,  a  complete 
set  of  ground  truth  data,  including  the  moisture  content,  size 
and  number  density  of  leaves,  stems,  and  pods  were  also  col¬ 
lected.  The  dielectric  constant  of  leaves  and  stems  were  also 
measured  at  C-  and  X-band  immediately  after  radar  measure¬ 
ments. 

EXPERIMENTAL  PROCEDURE 
Scatterometer 

The  University  of  Michigan’s  LCX  POLARSCAT  [1]  was 
designed  with  the  capability  to  measure  the  scattering  matrix  of 
point  or  distributed  targets  with  center  frequencies  at  1.25, 4.75, 
and  9.5  GHz,  respectively.  The  scatterometer  consists  of  a  vec¬ 
tor  network  analyzer  (NWA)  (HP  8753 A),  a  personal  computer 
(PC),  an  amplifying  and  pulsing  circuit  for  hardware  range  gat¬ 
ing,  a  relay  actuator,  and  L-,  C-,  and  X-band  RF  circuits  and 
antennas.  These  antennas  are  dual-polarized  with  orthogonal 
mode  transducers  (OMT)  used  for  simultaneous  transmission 
of  V-  and  H-polarized  signals  and  reception  of  both  V-  and  H- 
components  of  the  backscattered  signal.  The  PC  is  used  to  con¬ 
trol  the  NWA  through  the  HP-IB  interface  bus  to  acquire  the 
measured  data  automatically.  To  achieve  good  statistical  repre¬ 
sentation  of  the  measured  backscatter  for  the  distributed  targets, 
a  large  number  of  spatially  independent  samples  are  required. 
In  this  measurement,  more  than  70  independent  samples  are 
collected  at  incidence  angles  of  20^,  30°,  40°,  50°,  60°,  and 
70°.  To  achieve  good  range  resolution  and  to  increase  the  num¬ 
ber  of  independent  samples,  this  measurement  were  performed 


over  bandwidths  of  0.3  GHz  for  L-band  and  0.5  GHz  for  C-  and 
X-band,  Assuming  the  backscattering  coefficients  are  constant 
and  that  the  backscattered  fields  decorrelate  as  a  function  of  fre¬ 
quency,  the  number  of  independent  samples  were  increased  to 
more  than  5(X).  The  deterministic  background  noise  was  mea¬ 
sured  by  pointing  the  antennas  toward  sky  and  then  subtracted 
from  target  backscatter  data  coherently  to  improve  the  signal  to 
noise  ratio.  The  polarimetric  response  of  a  conducting  sphere 
was  measured  to  achieve  calibration  of  the  radar  system  [2]. 

Soil  Moisture  Measurement 

The  dielectric  constant  of  the  soil  surface  was  measured  by 
using  a  C-band  field-portable  dielectric  probe  [3].  The  probe 
consists  of  a  reflectometer  assembly  with  a  coaxial  probe  tip 
and  a  signal  processing  assembly  with  a  calculator.  The  rela¬ 
tive  dielectric  constant  (er)  was  used  to  estimate  the  moisture 
contents  (m^ )  by  inverting  a  semi-empirical  model  [4]  which 
give  Cr  in  terms  of  .  The  imaginary  part  of  Cr  was  not  used 
to  estimate  because  of  measurement  errors  [5].  The  mean 
rrixf  was  then  used  to  estimate  €r  at  the  other  frequencies. 

Dielectric  Constant  Measurement  of  Soybean  Leaves  and 
Stems 

Two  dielectric  measurement  techniques  [6,  7]  were  used  to 
measure  the  dielectric  constant  of  leaves  and  stems,  respec¬ 
tively.  These  measurement  were  performed  over  two  frequency 
bands,  namely  4-6  GHz  using  a  WR-187  waveguide  sample 
holder,  and  8-12  GHz  using  a  WR-90  waveguide  sample  holder. 
Most  of  the  stems  with  larger  diameter  and  high  moisture  con¬ 
tent  could  not  be  measured  at  x-band  because  of  their  high  re¬ 
flection  coefficients  which  lower  the  dielectric  measurement 
accuracy. 

MEASUREMENTS 

In  order  to  understand  the  scattering  behavior  of  soybean 
plants  and  evaluate  the  sensitivity  of  radar  backscatter  to  soil 
moisture,  backscatter  measurements  were  conducted  for  two 
extreme  vegetation  conditions:  (1)  in  the  middle  of  the  season 
for  a  fully  grown  soybean  condition  when  vegetation  biomass 
is  maximum  (see  Fig,  la),  and  (2)  toward  the  end  of  the  season 
when  the  leaves  were  fallen  and  the  plants  were  drier(see  Fig. 
lb).  For  each  vegetation  condition  backscatter  measurements 
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Figure  1 :  Two  vegetation  conditions:  a  fully  grown  plant  and  a  dry  plant  at  the  end  of  the  season. 


were  also  conducted  under  different  soil  moisture  conditions  to 
examine  the  sensitivity  of  radar  backscatter  to  soil  moisture. 

Fig.  2  and  3  show  the  radar  backscatter  of  fully  grown  soy¬ 
bean  plants  in  both  dry  and  wet  soil  conditions  at  L-band  and 
C-band,  respectively.  The  dielectric  constant  of  soil  for  the  dry 
and  wet  conditions  were  measured  by  the  C-band  probe  and  are 
,  respectively,  given  by  =  3.1  —  2*0.73  and  Cr  =  8.2  —  2*1.66. 
for  the  wet  soil,  the  backscattering  coefficients  at  L-band  in¬ 
crease  2  to  3  dB,  while  the  backscattering  coefficients  at  C-band 
for  the  most  incidence  angles  remained  the  same.  This  result 
shows  that  the  sensitivity  to  soil  moisture  for  surfaces  covered 
with  dense  short  vegetation  canopies  like  soybean  exists  only 
at  low  frequencies.  The  sensitivity  of  radar  backscatter  to  soil 
moisture  at  L-band  can  also  be  inferred  from  the  polarimetric 
behavior  of  the  radar  backscatter.  At  L-band  is  higher  than 
which  indicates  a  strong  ground  bounce  scattering  mecha¬ 
nism  which  is  a  function  of  the  ground  reflectivity.  The  C-band 
data  shows  that  <7°^  >  ^hh  which  indicates  that  the  extinction 
for  h-polarized  wave  is  higher  than  that  for  v-polarized  wave. 

Fig.  4  and  5  show  the  radar  backscatter  of  dry  soybean  plants 
for  both  dry  and  wet  soil  conditions  at  L-band  and  C-band,  re¬ 
spectively.  The  measured  dielectric  constant  of  soil  for  the  dry 
and  wet  conditions  are  er  =  2.3  —  2*0.89  and  Cr  =  9.1  —  2*2.3, 
respectively,  for  the  wet  soil.  At  the  end  of  the  season,  the 
soybean  plants  became  dry  and  mostly  only  the  main  stems 
and  pods  remained(see  Fig.  lb).  At  this  time  stems  of  soy¬ 
bean  plants  were  very  dry  and  their  structure  changed  from  a 
solid  cylinder  to  a  hollow  cylinder.  In  this  case  scattering  from 
and  attenuation  in  the  vegetation  layer  decreased  significantly. 
Because  leaves  and  most  of  the  stems  were  absent  ,the  radar 
backscatter  at  lower  incidence  angles  decrease  significantly  as 
compared  to  the  case  of  fully  grown  plant.  For  the  dry  plant 
condition  both  L-band  And  C-band  backscattering  coefficients 
show  sensitivity  to  soil  moisture.  Also  for  the  dry  plant  condi¬ 
tion  (unlike  the  previous  case)  which  is  the  expected 

behavior  of  a  bare  soil  surface. 
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Figure  2:  Measurement  results  of  fully  grown  soybean  plants  in  (a)  dry  and  (b)  wet  soil  conditions  at  L-band. 
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Figure  3:  Measurement  results  of  fully  grown  soybean  plants  in  (a)  dry  and  (b)  wet  soil  conditions  at  C-band. 
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Figure  4:  Measurement  results  of  dry  soybean  plants  in  (a)  dry  and  (b)  wet  soil  conditions  at  L-band. 
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Figure  5:  Measurement  results  of  dry  soybean  plants  in  (a)  dry  and  (b)  wet  soil  conditions  at  C-band. 
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Abstract —  The  technology  of  using  spaceborne  SAR 
systems  for  soil  moisture  estimation  has  been  refined  over 
the  last  few  years.  In  order  to  reduce  the  confounding 
effects  of  surface  roughness  on  soil  moisture  inversion, 
multifrequency  SAR  systems  have  shown  promise.  The 
Shuttle  Imaging  Radar  (SIR-C)  has  an  onboard  SAR  sys¬ 
tem  operating  at  L,  C,  and  X  bands  for  high  resolution 
imaging  of  the  earth’s  surface.  Over  the  early  part  of 
October  1994,  the  SIR-C  SAR  collected  radar  reflectance 
data  from  two  sites  near  Concord,  New  Hampshire.  SIR-C 
data  were  collected  on  four  consecutive  days  and  concur¬ 
rent  ground  truth  measurements  were  also  made  of  the 
actual  soil  moisture  distribution  at  the  test  sites.  The 
objective  of  the  study  was  to  evaluate  the  radar  system’s 
ability  not  only  to  estimate  soil  moisture,  but  also  to  char¬ 
acterize  its  spatial  variability.  The  University  of  Nebraska 
has  developed  inversion  algorithms  to  estimate  soil  mois¬ 
ture  from  SIR-C  data.  The  spatial  statistics  of  the  in-situ 
measurements  were  used  to  refine  the  soil  moisture  inver¬ 
sion  algorithm.  The  SIR-C  derived  and  the  in-situ  soil 
moisture  estimates  compared  well  not  only  for  the  mean 
soil  moisture  of  each  pixel,  but  also  for  the  spatial  sta¬ 
tistical  parameters,  such  as  correlation  lengths  and  the 
gradients  of  soil  moisture. 

Introduction 

It  is  well  known  now  that  microwave  sensors  can  be  suc¬ 
cessfully  used  for  soil  moisture  estimation.  There  are  sev¬ 
eral  methods  that  have  been  developed  for  retrieving  soil 
moisture  and  surface  parameters  from  radar  backscatter. 
The  increased  interest  in  using  radars  for  remote  sensing 
on  satellite  platforms  is  because  of  its  all-weather  round 
the  clock  monitoring  capabilities.  In  the  early  days  of  re¬ 
mote  sensing  many  of  the  advantages  offered  by  radars 
were  masked  by  their  high  power  requirements  and  poor 
spatial  resolution.  The  advances  in  SAR  technology  have 
made  high  resolution  imagery  an  attractive  possibility. 

Availability  of  SIR-C/X-SAR  data  by  NASA  has  fur¬ 
ther  enhanced  the  use  of  SAR  signatures  for  remote  sens¬ 
ing.  The  primary  advantage  of  SAR  on  satellite  platforms 
as  opposed  to  optical  and  sensors  is  year-round  cover¬ 
age  independent  of  weather  and  illumination  conditions. 
Further  it  has  been  seen  that  SAR  systems  are  superior 

The  partial  support  of  this  work  by  the  U.S.  Army  CRREL  under 
Contract  #DACA89-95-K-0018  is  gratefully  acknowledged. 


in  performance  than  passive  sensors  in  maritime  traffic 
monitoring,  soil  moisture  estimation  and  monitoring  hur¬ 
ricanes. 

Soil  performs  the  storage  function  in  hydrological  cy¬ 
cle’s  interaction  with  the  land  surface.  The  monitoring  of 
the  energy  and  moisture  fluxes  is  recognized  important  for 
application  ranging  from  study  of  the  biosphere  processes 
at  local  scales  (lO’s  of  m)  to  modeling  of  atmospheric  be¬ 
havior  at  regional /global  scales.  The  measurements  of  soil 
moisture  using  microwave  sensors  is  based  on  large  con¬ 
trast  between  the  dielectric  properties  of  dry  soil  (about 
2.5)  and  water  (about  80).  However  the  radar  backscat¬ 
ter  also  varies  significantly  with  the  changes  in  surface 
parameters.  Hence  the  relationship  between  backscatter 
and  soil  moisture  is  not  clearly  one-to-one.  Various  meth¬ 
ods  exist  for  soil  moisture  inversion.  Empirical  techniques 
[1]  and  statistical  methods  [2],  [3]  are  the  most  notewor¬ 
thy.  However  empirical  techniques  inherently  imply  more 
computation  and  availability  of  HH,  HV  and  VV  data 
for  a  single  frequency.  The  statistical  inversion  technique 
despite  being  linear  offers  accurate  estimates  of  the  soil 
moisture.  An  improvement  is  to  consider  the  use  of  neu¬ 
ral  networks  to  include  non-linear  effects. 

Soil  moisture  algorithms  using  SIR-C  data 

Here  a  linear  inversion  technique  formerly  reported  by 
Njoku  and  Kong  [4]  and  later  adopted  to  active  microwave 
remote  sensing  of  soil  moisture  by  [3]  is  described.  Of  all 
the  methods  described  earlier  this  technique  is  more  suit¬ 
able  for  the  case  in  which  the  dataset  consists  of  multi¬ 
band,  multi-look  angle  and  multi-polarization  signatures. 
The  results  obtained  with  this  method  are  used  for  com¬ 
parison  with  neural  network  inversion.  Finally  we  refine 
the  implementation  of  the  above  two  techniques  knowing 
the  spatial  statistics  of  the  in-situ  measurements.  The 
general  form  of  the  statistical  inversion  discussed  by  Njoku 
and  Kong  [4],  can  be  expressed  as 

P  =  Dd  (1) 

where  P  =  (Pi, P25  ••••5 -fm)  is  the  estimated  parameters 
vector  and  d  —  (di,d2,  ...,dn)  is  the  data  vector.  D  is  the 
matrix  (  m  X  n  )  containing  the  inversion  coefficients.  For 
the  inversion  of  surface  parameters,  P=  {s^rriy^l)  and  d 
contains  the  multi-band  data.  Here  s  is  the  standard  devi¬ 
ation  of  surface  height,  rriy  is  the  volumetric  soil  moisture 
and  I  is  the  surface  correlation  length.  To  make  the  data 
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vectors  more  resolvable  and  to  account  for  the  non-linear 
inter-dependency  between  system  and  surface  parameters, 
the  original  dataset  is  augmented  with  non-linear  terms 
to  obtain  the  data  vector  d.  The  D  matrix  is  derived  as 

D  =  C{P,d)C-^{P,d)  (2) 

where  C{x,  y)  —<  xy'^  >.  For  a  three  frequency  approach 
[3]: 

d  =  (1,  di ,  (i2,  ^3,  didi,  ^1^2?  did^j  ^2^2?  ^2^3,  d^d^)  (3) 

where  ^1,^2,  ds  are  the  radar  signatures  at  three  different 
frequencies.  A  model  dataset  over  the  whole  range  of 
surface  parameters  (  m^;  <  50,  Z  <  .5m,  s  <  .05m  )  and 
at  the  frequencies  of  investigation  is  generated  using 
various  models  [5]  [6].  SIR-C/X-SAR  data  at  L,  C  and  X 
bands  were  considered,  hence  the  3-frequency  approach 
was  taken.  We  train  for  the  given  data  set  to  obtain  the 
required  D  matrix.  Once  the  D  matrix  is  obtained  by 
training  the  dataset,  we  estimate  the  soil  moisture  by  the 
procedure  described  above.  The  result  of  our  simulation 
study  is  shown  in  Fig.  1  and  we  note  that  the  average 
absolute  error  is  7.35%. 


Original  moisture  {%  ) 

Fig.  1.  Plot  of  estimated  vs  assumed  soil  moisture  using  Statistical 
inversion  technique. 


The  need  for  a  neural  network  approach  is  essentially 
to  look  for  non-linear  boundaries.  The  statistical  tech¬ 
nique  although  fairly  successful  and  mathematically  rig¬ 
orous  does  not  seek  out  non-linear  boundaries.  This  is  one 
of  its  main  drawbacks.  In  the  neural  network  approach 
we  use  the  perceptron,  which  is  the  basic  unit  of  the  neu¬ 
ral  network  and  is  used  for  separating  linearly  separable 
patterns  [7].  We  have  a  single  neuron  with  adjustable 
weights.  The  perceptron  by  itself  fails  to  classify  non¬ 
linear  boundaries  and  hence  is  not  very  useful.  However 


the  decision  boundaries  of  a  perceptron  can  be  made  non¬ 
linear  either  by  cascading  perceptrons  to  form  a  multi 
layer  feed-forward  network  or  by  including  a  pre-processor 
to  augment  the  input  data  vector  with  non-linear  terms 
[8].  A  perceptron  learns  to  recognize  patterns  through 
prior  learning.  The  error  correction  rules  alter  the  weights 
to  correct  the  error  in  the  output  response  to  the  current 
pattern.  Its  seen  that  the  Least  Mean  Square  rule  is  use¬ 
ful  here.  The  mean  square  error  surface  for  a  perceptron 
is  a  quadratic  surface  with  a  global  minimum.  With  each 
iteration  the  weights  can  be  altered  such  that  the  error 
moves  in  the  direction  of  the  negative  gradient  of  the  er¬ 
ror  surface.  Finally  the  well  known  Back-Propagation  rule 
is  used  to  obtain  the  required  estimate  of  soil  moisture. 
This  rule  uses  the  instantaneous  sum  of  squared  errors 
as  the  cost  function  to  train  the  weights  of  the  network. 
A  three  layer  network  with  three  neurons  in  each  hidden 
layer  is  incorporated.  The  absolute  backscatter  values 
were  used  as  the  input  to  the  network.  The  coelficients 
of  the  network  were  computed  and  the  final  estimate  for 
soil  moisture  is  shown  in  Fig.  2  with  an  average  absolute 
error  of  5.87%. 


Fig.  2.  Plot  of  estimated  vs  assumed  soil  moisture  using  Neural 
network  inversion  technique. 

Results 

The  L,  C  and  X-band  data  from  the  SIR-C/X-SAR  were 
obtained  over  Concord  in  New  Hampshire.  The  data  were 
collected  over  a  period  of  four  consecutive  days  over  the 
test  site.  Concurrent  ground  truth  measurements  were 
also  made  of  the  actual  soil  moisture  distribution  for  com¬ 
parison  with  the  inversion  algorithms.  The  SIR-C/X-SAR 
data  obtained  is  at  12.5  m  resolution  and  the  concurrent 
ground  truth  measurement  at  15  m  intervals.  Soil  mois¬ 
ture  inversion  from  SIR-C/X-SAR  data  using  neural  net¬ 
work  technique  is  currently  being  pursued. 
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Conclusions 


The  spatial  statistics  of  in-situ  measurements  are  being 
used  to  refine  the  soil  moisture  inversion  algorithms.  The 
SIR-C/X-SAR  data  derived  estimates  and  the  concurrent 
ground  truth  soil  moisture  are  expected  to  compare  favor¬ 
ably  not  only  for  the  mean  soil  moisture  for  each  pixel, 
but  also  for  the  spatial  statistical  parameters,  such  as  cor¬ 
relation  lengths  and  the  gradient  of  soil  moisture.  Further 
study  is  underway  to  refine  the  soil  moisture  inversion  al¬ 
gorithms. 
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ABSTRACT 

Although  the  sensitivity  of  radiobrightness  to  soil  mois¬ 
ture  content  has  been  well  established,  direct  inversion  of 
remote  sensing  measurements  is  impeded  by  variable  sur¬ 
face  cover  (vegetation  and  snow),  surface  roughness,  and 
soil  temperature  and  moisture  profiles.  During  inter  storm 
periods,  soil  moisture  and  temperature  conditions  change 
dynamically  under  atmospheric  and  radiative  forcing.  A 
model  of  these  dynamics  may  be  used  to  encapsulate  a  pri¬ 
ori  soil  information  and  constrain  the  inversion  solution. 
A  soil  and  land-atmosphere  model  driven  by  local  meteo¬ 
rology  or  forecasts  can  propagate  soil  conditions  between 
times  at  which  remote  sensing  measurements  are  available. 
The  predictions  of  the  model  soil  would  facilitate  incorpo¬ 
ration  of  imperfect  measurements  from  multiple  sources 
through  comparisons  of  the  modeled  and  observed  states. 


This  paper  presents  the  results  of  an  assimilation  study 
using  simple  models  of  the  coupled  heat  and  moisture 
transport  in  soil  and  microwave  emission.  Simple  mod¬ 
els  enable  the  full  utilization  of  available  microwave  and 
thermal  infrared  measurements  through  recursive  appli¬ 
cation  of  Kalman  filtering.  Comparisons  are  made  be¬ 
tween  soil  emission  models  based  on  coherent  wave  ra¬ 
diative  transfer,  classical  radiative  transfer  (CRT),  a  first 
order  approximation  to  CRT,  and  a  gray  body.  Data  from 
the  BARC  (Beltsville  Agricultural  Research  Center)  1994 
experiment-including  micrometeorology,  soil  conditions, 
and  L-band  (1.4  GHz)  radiobrightness-drive  the  model. 
We  test  the  sensitivity  of  the  model  to  temporal  radio- 
metric  measurement  availability  ranging  from  hourly  to 
daily  and  show  that  a  simplified  emission  parameteriza¬ 
tion  is  adequate. 
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ABSTRACT 

We  used  a  signal  decomposition  method  to  study  scat¬ 
tering  mechanisms  in  pine  forests  near  Mt.  Shasta,  CA.  Sig¬ 
nal  decomposition  was  applied  to  two  sets  of  the  JPL  multi¬ 
frequency  airborne  synthetic  aperture  radar  (AIRSAR) 
backscatter  data  acquired  during  a  wet  spring  (1991)  and  a 
dry  summer  (1989)  conditions.  The  scattering  mechanisms 
decomposed  were  scattering  power  with  an  odd  number  of 
reflections,  scattering  power  with  an  even  number  of  reflec¬ 
tions,  and  diffused  scattering  power. 


INTRODUCTION 

Recent  progress  on  radar  target  theory  makes  it  possi¬ 
ble  to  decompose  polarimetric  SAR  backscatter  into  a  scatter¬ 
ing  power  with  an  odd  number  of  reflections  (shortened  as 
SP-I),  a  scattering  power  with  an  even  number  of  reflections 
(shortened  as  SP-II),  and  a  diffused  scattering  power  (SP-III) 
([1-2]).  The  decomposition  method  is  based  on  the  decompo¬ 
sition  of  the  backscatter  covariance  matrix  from  targets. 

A  single  SAR  image  pixel  is  typically  comprised  of 
many  scatterers.  The  backscatter  covariance  matrix  can  be 
thought  of  as  the  average  of  the  covariance  matrices  of  indi¬ 
vidual  scatterers  within  the  pixel.  Because  the  scattering 
properties  derived  from  the  averaged  covariance  matrix  are 
significantly  different  from  those  derived  from  the  covariance 
matrix  of  each  individual  scatterer,  it  is  difficult  to  understand 
the  scattering  properties  derived  from  the  averaged  covari¬ 
ance  matrix.  Thus,  this  decomposition  method  helps  simplify 
the  scattering  mechanisms  by  decomposing  the  covariance 
matrix.  Cloude’s  and  van  ZyTs  work  lay  theoretic  ground  for 
the  decomposition  method,  but  its  potential  application  in 
forested  environment  needs  further  to  explore.  Thus,  our 
objective  is  to  apply  this  decomposition  method  to  the  multi¬ 
frequency  AIRSAR  data  1)  to  understand  the  decomposed 
scattering  powers  from  ponderosa  pine  forests  under  dry  and 
wet  ground  conditions  and  2)  to  evaluate  the  potential  of 
using  the  decomposed  scattering  powers  in  forests. 


APPROACH 

The  approaches  are  1)  to  decompose  the  backscatter 
covariance  matrix  of  pine  forests  from  the  AIRSAR  data,  and 
2)  to  analyze  the  decomposed  results,  coupled  with  collected 


ground  data. 

For  a  SAR,  the  backscatter  covariance  matrix,  U,  for 
azimuthly  symmetric  and  reciprocal  targets  is 


U  = 


<  Shh  Shh  > 

0 

<  Sw  Shh  > 


0 

2  <  Shv  Shv  ^ 
0 


<  Shh  ^ 
0 


(1) 


Cloude  and  van  Zyl  ([1~2])  showed  that  the  U  can  be  decom¬ 
posed  as 

U  =  Ai  Ki  (K;)'  +  A2  K2  (K^y  +  A3  K3  (Kly  (2) 

Aj  (i  =  1,  2,  and  3)  are  eigenvalues  of  U.  IQ  (i  =  1,  2,  and  3) 
are  eigenvectors  of  U,  and 

Ki  =  [  kii  ki2  lq3  ]'  (3) 

Because  kn  /  ki2  ratio  is  always  negative  ([2]),  the  Ki  and  K2 
represent  scattering  mechanisms  with  an  180®  phase  shift. 
Further  analysis  shows  that: 

i)  if  the  real  part  of  kn  ^  0  and  the  real  part  of  k2i  £  0,  then 

Ai  Ki  (Ki)'  represents  SP-I  return,  and 
A2  K2  (K2)'  represents  SP-II  return. 

ii)  if  the  real  part  of  k^  <  0  and  the  real  part  of  k2i  >  0,  then 

Ai  Ki  (Kly  represents  SP-II  return,  and 
A2  K2  (K2)'  represents  SP-I  return. 

iii)  A3  K3  (K3)'  represents  SP-III  return. 

Using  Eq.  (2)  and  conditions  i),  ii),  and  iii),  we  can  decom¬ 
pose  the  SAR  backscatter  data  into  three  types  of  scattering 
powers.  It  should  be  noted  that  the  decomposed  diffused 
scattering  power,  A3  K3  (K3)',  is  simply  twice  of  HV  or  VH 
backscatter  ([2]). 


RESULT 

We  have  analyzed  two  sets  of  the  AIRSAR  data  from 
ponderosa  pine  forests,  Mt.  Shasta,  CA.  The  forests  has  been 
used  to  study  the  radar  backscatter  from  forested  environment 
for  years  ([3-4]).  The  first  dataset  was  acquired  on  6  Septem¬ 
ber  1989  after  a  dry  summer.  An  estimated  volumetric  soil 
moisture  was  less  than  5%.  The  second  dataset  was  obtained 
on  1  May  1991.  The  ground  was  wet  due  to  a  heavy  rain  and 
the  melting  of  snow.  An  estimated  volumetric  soil  moisture 
was  48%.  All  SAR  data  were  processed  and  calibrated  by  the 
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JPL,  and  provided  to  us  ([4]). 

Under  a  dry  ground  condition 

At  C-band,  open  field  and  clear-cut  area  show  the 
strongest  SP-I  power.  The  forested  area  is  also  dominated  by 
the  SP-I  return.  There  are  some  SP-II  and  SP-III  returns  scat¬ 
tered  within  the  forested  area,  but  these  two  types  of  scatter¬ 
ings  are  small.  These  results  show  that  at  C-band  the  SP-I 
dominates  in  the  forests. 

At  L-band,  the  image  is  still  dominanted  by  the  SP-I. 
However,  in  the  forested  area  there  is  more  SP-II  return  at  L- 
band  than  C-band.  The  increase  of  SP-II  may  be  a  result  of 
the  increase  of  trunk-ground  interactions  at  L-band.  As  the 
wavelength  increases  to  P-band,  there  is  even  more  SP-II 
within  the  forests  than  at  L-band;  more  trunk-ground  interac¬ 
tions  within  the  forests  at  P-band  than  L-band  (and  C-band). 
These  results  are  consistent  with  those  from  the  analysis  of 
the  HH-VV  phase  differences  of  the  SAR  data  and  the  mod¬ 
eled  backscatter  from  the  forests  ([4]). 

Under  a  wet  ground  condition 

There  is  not  much  variation  in  the  scattering  powers 
from  the  open  field  and  clear  cut  area  when  the  ground  condi¬ 
tion  changes  from  dry  to  wet.  The  SP-I  dominates  under  both 
ground  conditions.  However,  at  the  same  wavelength,  more 
SP-II  return  from  the  forested  area  is  observed  at  the  wet 
ground  condition  than  at  the  dry  ground  condition.  Based  on 
our  canopy  backscatter  model  simulation,  this  increase  of  the 
SP-II  comes  from  the  increase  of  the  trunk-ground  term  as  the 
ground  condition  changes  from  dry  to  wet. 

Scattering  power  normalized  by  the  total  power 

We  select  five  ponderosa  pine  stands  where  ground 
data  were  collected  to  quantify  our  analysis.  The  density  of 
the  stands  is  from  24  trees/ha  to  775  trees/ha.  Mean  tree 
diameter  at  breast  height  ranges  from  0.78  m  to  0.28  m,  tree 
height  from  25.1  m  to  18.5  m,  and  mean  basal  area  (cm^/m^) 
from  13.4  to  75.6.  Because  radar  incidence  angles  to  the 
stands  range  from  25°  to  over  40°,  the  variation  of  the  inci¬ 
dence  angle  could  potentially  affect  the  analysis.  To  mini¬ 
mize  its  effect,  we  have  normalized  the  three  types  of  scatter¬ 
ing  powers  by  the  total  power.  The  nonnalization  is  done  on 
the  pixel  by  pixel  basis. 

Under  the  dry  ground  condition:  With  an  increase  of 
the  stand  mean  basal  area,  1)  normalized  SP-I  decreases  from 
0.74  to  0.58  at  C-band  and  from  0.55  to  0.35  at  P-band,  2) 
normalized  SP-II  increases  slightly  at  C-band,  varies  between 
0.19  to  0.24  at  L-band,  and  increases  from  0.22  to  around 
0.40  at  P-band,  and  3)  normalized  SP-III  may  increase 
slightly  at  C-band  and  L-band,  and  varies  slightly  between 
0.24  and  0.22  at  P-band  (Fig.  1). 


Under  the  wet  ground  condition:  As  the  basal  area 
increases,  1)  the  SP-I  decreases  at  C-,  L-,  and  P-band,  2)  the 
SP-II  varies  slightly  at  C-band  and  L-band,  and  increased 
from  0.32  to  0.47  at  P-band,  and  3)  the  SP-III  increases  from 
0.10  to  0.23  at  C-band  and  from  0.11  to  0.24  at  L-band,  and 
varies  between  0.16  and  0.17  at  P-band  (Fig.  1). 

Model  simulations  showed  that,  as  the  basal  area 
increases,  the  increase  of  the  normalized  SP-II  at  P-band  is  a 
result  from  the  increase  of  the  trunk-ground  scattering. 

REMARK 

By  studying  decomposed  scattering  powers  from  pon¬ 
derosa  pine  forests,  we  noted  that  at  P-band,  as  the  basal  area 
increased,  the  increase  of  the  SP-II  return  was  about  9  dB, 
whereas  the  increase  of  the  total  power  was  around  5  dB. 
This  enlarged  dynamic  range  of  the  SAR  data  could  provide  a 
better  potential  in  retrieving  the  biophysical  parameters  of 
forests  because  the  decomposed  data  were  more  sensitive  to 
the  change  of  the  parameters.  This  is  a  task  we  will  pursue  in 
the  future. 
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Abstract  -  From  tlie  two  SIR-C/X-SAR  Missions  in  April 
and  October  1994  for  the  Oberpfaffenhofen  supersite 
southwest  of  Mxmicli/Germany  numerous  data  sets  with 
different  aquisition  modes  are  at  disposal. 

All  used  datasets  were  calibrated,  so  that  the  backscatter 
coefficient  in  dB  (Dezibel)  -  values  can  be  compared 
directly.  The  SIR-C  data  were  geometrically  adapted  to  the 
geocoded  X-SAR  data  via  image  to  image  registration.  Field 
observations  and  aerial  photographs  have  been  made  for 
Ground  Truth  data.  The  analytical  evaluation  of  the  aerial 
photographs  has  been  a  very  important  step  during  the 
investigation  of  the  information  content.  Results  from  visual 
comparisons  and  signature  analysis  have  shown,  that  neither 
tree  species  nor  stand  composition  influence  radar  signals 
markedly,  but  structiual  characters  like  altitude  differences 
of  trees  and  shrubs  as  well  as  vegetation  density  or  gaps  do. 
We  conclude  that  in  our  case  the  highest  spatial  resolution  is 
more  important  than  the  full  polarimetric  resolution. 

EVTRODUCTION 

The  aim  of  the  evaluation  is  Forest  Monitoring  using 
SIR-C/X-SAR  data.  Of  special  interest  are  questions  like, 
from  what  size  on  are  non-wooded  areas  in  forests 
recognized,  where  is  the  limit  in  stocking  degree  among 
forest  and  non-forest,  which  biomass  classes  can  be 
discriminated  and  wether  differences  in  state  of  foliage  of 
the  two  seasons  as  well  as  further  structiues  ean  be  detected. 

METHODS 

Study  Area  and  SAR  Data 

The  forested  siufaces  of  the  supertestsite  Oberpfaffenliofen 
are  mainly  located  on  moraines  which  contain  an  elevation 
difference  of  about  100  m  maximiun.  The  most  important 
tree  species  are  spruce  (Picea  abies),  beech  (Fagus  silvatica) 
and  pine  (Pinus  silvestris).  First  of  all  the  area  is  -in  addition 
to  small  monocultures-  characterized  by  mixture  in  species, 
age-classes  and  management.  The  resulting  diversity  of 
structme  has  been  accelerated  by  storm  damage  and  bark 
beetle  infestation  of  the  last  few  years. 
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Overall  13  X-SAR  and  6  SIR-C  datasets  from  both  missions 
were  included  in  the  presented  work  up  to  now.  The  used  X- 
SAR  data  were  available  as  GTC  (Geocoded  Terrain 
Corrected)-products.  The  SIR-C  data  exists  in  SLC  (Single 
Look  Complex)-products  and  in  MLC  (Multi  Look 
Complex).  The  X-SAR  data  have  one  fixed  polarization  W 
(Vertically  transmitted,  Vertically  received).  From  the  SIR- 
C  data  were  either  dual-pol  or  quad-pol  datasets  -depending 
on  the  recording  modus-  derived.  Quadpol  data  allow  the 
calculation  of  every  polarization  direction  (linear,  circular 
and  elliptical),  but  show  a  lower  spatial  resolution  at  the 
same  time.  With  dual-pol  data  on  the  other  hand  only 
certain  polarization  configurations  (  e.g.  TP  [Total  Power], 
HH  [Horizontally  transmitted.  Horizontally  received],  HV 
[Vertivally  received]  )  are  possible,  but  they  show  higher 
spatial  resolution.  The  nominal  resolution  of  the  X-SAR 
GTC  data  is  25m  *  25m,  the  pixel  spacing  is  12.5m  * 
12.5m.  In  order  to  create  images  with  relatively  square 
pixels  and  to  get  a  similar  spatial  resolution  like  the  already 
processed  X-SAR  data,  the  SIR-C  data  were  processed  with 
1  look  in  range  and  3  look  in  azimuth  [2]. 

Image  to  Image  Registration 

The  X-SAR  data  were  available  as  GTC  -  products.  The  6 
datasets  form  April  and  the  7  datasets  from  October  could 
be  combined  directly  to  one  multitemporal  dataset.  A  subset 
of  15  km  *  15  km  within  the  Testsite  Oberpfaffenhofen  has 
been  choosen.  The  SIR-C  data  had  to  be  geometrically 
adapted  to  the  geocoded  X-SAR  data  via  image  to  image 
registration.  This  was  performed  with  the  aid  of  Groimd 
Control  Points  and  polynomial  transformations.  Here  often 
the  problem  aroused  finding  enough  qualified  Ground 
Control  Points  in  the  corresponding  datasets.  Because 
variations  of  the  elevations  were  not  taken  into  accoimt 
within  this  method,  the  procedure  owns  clear  inaccuracies 
and  is  therefore  restricted  to  small  area.  In  this  way  a 
multifrequent,  multipolarized  and  multitemporal  dataset  has 
been  created. 

Evaluation  of  the  Aerial  Photographs 

Aerial  photographs  for  forest  inventory  have  been  used  for  a 

long  time.  In  our  case  the  bird’s  eye  view  delivers  the  best 
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synoptical  overview  of  the  forest  condition  and  documents  it 
for  comparisons  with  the  radar  data  and  temporal 
comparisons  in  the  future.  The  aerial  photographs  were 
taken  in  late  April  94.  Field  observations  have  been  made 
during  both  missions.  In  addition  to  visual  comparisons  with 
the  radar  images,  the  photos  were  used  for  detailed  analyses, 
depending  on  existing  technical  equipment. 

We  were  able  to  use  a  stereoplotter  for  a  detailed  analyses  of 
the  aerial  photographs.  For  that  piupose  Ground  Control 
Points  with  the  aid  of  a  GPS  (Globle  Positioning  System)  - 
receiver  have  been  measured  so  that  the  aerial  photos  could 
be  geocoded  absolutely.  Now  different  measurements  -for 
example  stand  heights  or  the  size  of  deforested  or  storm 
damaged  areas-  could  be  carried  out.  From  that  step  digital 
thematic  maps  result,  which  were  linked  to  the  radar  data 
via  corresponding  coordinates  and  used  as  training  and 
verification  areas.  Thus  a  method  has  been  developed 
allowing  an  objective  selection  and  exact  location  of  the 
objects  of  investigation  and  classes  of  characters  within  the 
radar  data  independent  of  the  display  of  a  color  composit 
shown  on  a  screen. 


Figure  1:  Flowchart  evaluation  of  aerial  photographs 
Visual  Interpretation 

X-SAR 

This  short  wavelength  provides  less  information  for  the 
object  forest.  Wooded  and  agricultured  areas  could  not  be 
differentiated  in  a  proper  way.  Multitemporal  applications 
did  not  improve  the  information  content  clearly. 


SIR-C 

By  combination  of  the  three  frequencies  and  the  different 
polarizations  the  content  of  information  was  significantly 
enhenced.  Forest  and  nonforest  areas  could  be  separated 
well  within  coherent  woodland.  Between  forest  and  build-up 
areas  some  intersections  appear.  Especially  the  cross^ol 
combination  of  C  and  L  band  was  found  to  be  a  good 
combination  for  forest  application.  We  noticed  as  the  most 
important  feature  the  different  spatial  resolution  of  Quad-pol 
(mode  xl6)  and  Dual-pol  (mode  xll)  data.  Dual-pol  data 
allow  the  recognition  of  non-wooded  areas  within  forests 
smaller  than  1  ha  (hectare),  which  cannot  be  detected  by 
quadpol  data  anymore.  We  found  that  the  benefits  of  the 
higher  spatial  resolution  are  much  more  important  than  the 
disadvantage  of  the  restricted  polarimetric  capacity. 
Nevertheless  circular  polarizations  with  the  Quad-pol  data 
were  tested,  but  there  could  not  be  found  any  advantage  in 
comparison  to  the  linear  polarizations.  So  Dual-pol  data 
were  evaluated  higher  and  used  preferentially  for  this 
heterogeneous  investigation  area. 

Signature  Analysis 

Since  the  used  data  were  calibrated,  it  was  possible  to 
calculate  the  backscatter  coefficient  in  dB  values  [1].  This  is 
a  great  advantage  of  active  imaging  radar  systems.  Now  the 
mean  dB  values  of  many  different  training  areas,  subclasses 
and  combined  classes  were  compared.  A  good  visualization 
for  that  are  signature  diagrams  in  form  of  dB-values  as  a 
fimction  of  frequency  and  polarization.  It  is  important  to 
take  the  variance  of  the  means  into  consideration.  It  has 
been  found,  that  if  the  means  indicate  for  example  in  L-HV 
a  possible  separation  of  interesting  features,  the  variance  of 
the  means  was  often  significantly  higher.  For  detailed 
analyses  and  scattergrams  and  histograms  of  single 
combinations  were  very  helpful. 

In  our  study  we  made  several  test  with  different  training 
areas,  subclasses  and  combined  classes  (similar  to  different 
classification  levels)  and  found  out,  that  typical  forest 
parameters  like  tree  species  or  stand  composition  do  not 
influence  the  radar  image  clearly.  Structural  features  like 
altitude  differences  of  trees  and  shrubs  as  well  as  vegetation 
density  or  gaps  within  forested  areas  were  foimd  to  be  a 
more  decisive  factor  in  the  backscatter  coefficient. 

The  results  of  the  signature  analysis  are: 

♦  Even  for  a  raw  landuse  classification  there  are  big 
intersactions  of  the  signatures,  especially  between  forest 
and  build-up 

♦  Forest  and  agricultural  areas  can  be  separated  clearly 

♦  The  mean  backscatter  coefficient  of  deciduous  and 
conifer  differs  only  slightly 

♦  Deforested  areas  or  storm  damaged  areas  in  general 
show  in  the  L-Band  obvious  lower  sigmaO  values,  so  that 
they  could  be  distinguished  from  wooded  areas,  but  they 
overlap  with  wetland  areas. 
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♦  Training  areas  of  wooded  surfaces  containing  gaps  with 
a  size  of  up  to  about  2500  qm  (square  meters)  could  not 
be  separated  from  wooded  areas  without  any  gap. 

♦  Training  areas  of  wooded  surfaces  containing  gaps  with 
a  size  of  about  2500  up  to  10000  qm  show  in  certain 
combinations  (for  instance  L-HV)  lower  sigmaO  values, 
but  separation  is  difficult. 

♦  Seasonal  differences  -covered  with  leaves  or  not-  were 
hard  to  deduce  from  the  data. 

♦  there  seems  to  exist  a  limit  of  biomass,  wich  indicates 
the  change  of  forest  and  nonforest  areas  in  the  image. 
This  limit  is  not  found  yet  exactly,  but  is  assigned  to  be 
correlated  to  the  stand  height  of  trees  of  about  5  m. 

The  next  step  is  the  application  of  a  suitable  speckle 
reduction  (see  for  example  fig.2  and  fig.3).  Then  a 
classification  will  be  performed. 

CONCLUSIONS 

Multipolarimetric  multifrequency  SIR-C/X-SAR  data 
proved  to  be  a  valuable  tool  for  forest  monitoring.  In  the 
centre  of  attention  is  the  observation  of  increase  or  decrease 
of  woodland.  In  such  a  heterogeneous  testsite  like  the  study 
area  the  best  spatial  resolution  is  more  important  than  the 
full  polarimetric  resolution. 

To  confirm  detailed  analysis  it  is  necessary  to  investigate 
SIR-C  GTC  products. 
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The  study  has  been  taken  place  on  the  supersite 
Oberpfaffenhofen,  because  there  were  several  SIR-C/X-SAR 
data  available.  We  intent  to  transfer  our  experience  to  a 
more  expanded  and  typical  forested  area  and  wish  to 
investigate  the  National  Park  „Bavarian  Forest".  The 
attempt  of  a  corregistration  of  the  SIR-C  data  to  the 
geocoded  X-SAR  data  was  without  any  success,  caused  by 
the  effect  of  topography.  Top  priority  for  us  is  to  get  SIR-C 
GTC  products. 
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Figure  2:  Histogram  of  unfiltered  raw  classes 
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Figure  3:  Histogram  of  filtered  raw  classes 
(LEE  filter,  7*7) 
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ABSTRACT 

We  investigated  effects  of  surface-related  scattering  on 
C-band  radar  backscatter  in  loblolly  pine  forests  at  Duke  For¬ 
est,  North  Carolina.  Five  loblolly  pine  stands,  aged  from  8  to 
over  60  years  old,  were  used.  Stand  density  ranged  from  589 
trees/ha  to  5505  trees/ha,  and  mean  tree  trunk  diameter  at 
breast  height  (dbh)  was  between  0.10  m  and  0.27  m.  We  used 
the  ratio  of  the  modeled  total  backscatter  to  modeled  canopy 
scattering  (T/C)  to  evaluate  the  importance  of  ground  surface- 
related  scattering.  C-band  backscatter  at  20®,  30®,  and  40® 
incidence  angles  (^o)  was  simulated  for  the  stands.  C-HH 
and  C-VV  backscatter  showed  modest  sensitivity  to  the  sur¬ 
face-related  scattering  in  the  young  stand  (8  years  old)  at  6^ 
of  20®  and  30®,  and  in  a  mid-aged  stand  (25  years  old)  at  9q 
of  20®.  C-HV  backscatter  was  somewhat  sensitive  to  surface 
scattering  in  the  young  stand  at  =  20®.  In  the  other  cases, 
C-band  backscatter  was  not  sensitive.  The  changes  in  C-band 
T/C  ratios  due  to  surface  scattering  occurred  only  in  the 
young  and  mid-aged  stands.  As  incidence  angle  increased, 
the  maxima  of  T/C  ratios  decreased  for  all  stands,  a  conse¬ 
quence  of  the  larger  relative  contribution  of  canopy  scattering 
to  total  backscatter  at  large  Oq  than  at  small  6^. 

INTRODUCTION 

Backscatter  models  have  been  developed  (e.g.  [1-2])  in 
order  to  understand  the  complex  nature  of  backscattering 
from  forests.  Much  effort  has  been  invested  in  collecting 
ground  data  to  parameterize  the  models  and  to  validate  the 
models  by  comparison  of  model  simulations  to  synthetic 
aperture  radar  (SAR)  backscatter  data.  The  canopy  backscat¬ 
ter  models  require  many  input  parameters,  and  collecting  data 
to  estimate  the  parameters  is  difficult,  time  consuming  and 
labor  intensive.  One  often  needs  to  ask  whether  the  available 
(limited)  forest  and  SAR  data  and  existing  canopy  backscatter 
models  can  be  used  to  help  1)  understand  backscattering  from 
forests,  2)  guide  ground  truthing  so  as  to  concentrate  on  criti¬ 
cal  parameters  that  are  realistically  measurable,  and  3) 
retrieve  forest  parameters  from  backscatter  data.  With  these 
questions  in  mind,  we  have  designed  a  model  sensitivity  anal¬ 
ysis  to  investigate  1)  under  what  ground  conditions  (i.e.,  sur¬ 
face  roughness  and  soil  moisture)  can  we  ignore  surface 
related  scattering  in  our  attempts  to  understand  backscatter 
from  forests  and  retrieve  canopy  parameters  from  radar 
returns?  2)  when  do  surface  related  scatterings  make  a  differ¬ 


ence?  and  3)  how  does  sensitivity  to  surface  conditions 
depend  on  radar  incidence  angle? 

APPROACHES 

The  approaches  are  to  1)  model  the  backscattering  from 
forests  by  using  collected  ground  and  stand  data,  2)  separate 
modeled  total  backscatter  into  canopy  scattering  and  non¬ 
canopy  scattering  (surface-related  scattering),  and  3)  compute 
the  ratio  of  modeled  total  backscatter  to  canopy  scattering  in 
order  to  appraise  the  importance  of  canopy  scattering  in  the 
total  backscatter. 

Based  on  our  canopy  backscatter  model,  we  can  divide 
modeled  total  backscatter  into  two  classes  of  scattering:  non¬ 
canopy  related-scattering  and  direct  canopy  scattering  (see  [3] 
for  a  schematic  diagram  of  the  model).  The  non-canopy 
related-scattering  consists  of  trunk-ground  interactions, 
canopy-ground  interactions,  and  surface  backscatter.  Because 
these  scattering  mechanisms  involve  ground  surface  scatter¬ 
ing,  they  are  affected  by  surface  conditions  such  as  roughness 
and  moisture.  Canopy  scattering  does  not  include  surface 
interactions.  Thus,  it  is  not  directly  affected  by  surface  con¬ 
ditions. 

To  determine  the  importance  of  the  canopy  scattering 
(vs.  non-canopy  scattering)  we  calculate  ratio  of  the  modeled 
total  backscatter  to  canopy  scattering  (T/C).  If  a  T/C  ratio  is 
1.0  (0  dB),  the  total  backscatter  is  equal  to  the  canopy  scatter¬ 
ing.  There  will  be  no  non-canopy  related -scattering  in  the 
total  backscatter.  The  surface-related  scattering  has  no  effect 
on  the  total  backscatter.  If  the  ratio  is  2.0  (3  dB),  the  total 
backscatter  is  twice  the  canopy  scattering  (or  3  dB  higher 
than  the  canopy  scattering).  In  this  case,  the  total  backscatter 
would  consist  of  50%  canopy  scattering  and  50%  of  non¬ 
canopy  scattering.  Table  1  gives  some  typical  values  for  the 
T/C  ratio  (in  dB  scale)  and  the  corresponding  canopy  scatter¬ 
ing  percentages. 

RESULTS 

The  effects  of  roughness  and  moisture  on  modeled 
backscatter  can  be  shown  by  plotting  T/C  ratios  as  contour 
lines  in  the  plane  formed  by  surface  rms  roughness  height  and 
volumetric  soil  moisture  content.  Before  creating  the  con¬ 
tours,  we  use  the  range  of  the  rms  roughness  heights  and  soil 
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moisture  measured  at  the  Duke  Forest  as  the  basis  for  setting 
up  a  2-D  roughness -moisture  region  for  modeling.  The 
region  is  0.8  cm  to  4.2  cm  for  the  rms  height  and  5%  to  45% 
for  soil  moisture.  To  create  the  contour  lines  in  the  2-D 
region,  we  have  simulated  the  T/C  ratios  over  a  50x50  grid 
equally  distributed  across  the  region.  The  roughness  and 
moisture  vary  at  each  location  on  the  grid.  2500  simulations 
were  done  to  obtain  T/C  ratio  data  covering  the  roughness- 
moisture  modeling  region.  To  study  the  effects  of  roughness 
and  moisture  on  forest  backscatter,  other  non-surface-related 
model  inputs  (e.g.  dbh,  stand  density,  etc.)  are  held  constant. 
We  also  hold  correlation  length  constant  at  28.2  cm  (the  mean 
value  for  pine  stands  in  the  study  area,  measured  in  April 
1994)  to  simplify  our  analysis  and  presentation. 


Threshold 

A  small  T/C  ratio  indicates  that  canopy  scattering  dom¬ 
inates  the  total  backscatter  and  surface-related  scattering  is 
unimportant.  In  other  words,  one  can  establish  a  threshold 
such  as  T/C  =  1  dB  as  a  criterion  for  importance  of  surface 
effects,  an  indicator  of  whether  or  not  total  backscatter  may 
be  considered  sensitive  to  surface  conditions.  If  the  T/C  ratio 
is  less  than  the  threshold,  surface-related  scattering  can  be 
ignored.  When  the  T/C  ratio  is  1  dB  the  total  backscatter  is 
only  1  dB  higher  than  the  canopy  scattering.  The  canopy 
scattering  contributes  79%  and  the  surface-related  scattering 
21%  to  the  total  backscatter  (Table  1). 

Sensitivity  of  Backscatter  to  Roughness  and  Moisture 

Modeled  contour  lines  of  T/C  ratios  (in  dB  scale)  from 
a  young  loblolly  pine  stand  D68  are  shown  in  Fig.  1.  The 
radar  incidence  angle  is  30®.  T/C  ratios  vary  from  0.5  dB  to 
1.3  dB  at  C-HH  and  C-VV,  and  from  0.5  dB  to  0.6  dB  at  C- 
HV  for  the  tested  roughness-moisture  region.  If  we  use  a 
threshold  of  T/C  =  1  dB,  the  modeled  total  backscatter  is  not 
sensitive  to  the  surface  roughness  when  the  moisture  is  s  22% 
at  C-HH  and  C-VV  (Fig.  la,c).  Within  the  tested  moisture- 
roughness  region,  the  C-HV  backscatter  is  not  sensitive  to  the 
surface-related  scattering  (Fig.  lb).  (The  vibration  in  some 
contours  is  an  artifact  caused  by  the  contour  routine  of  our 
graphics  package.) 

Minima  and  maxima  of  C-band  T/C  ratios  from  the  five 
loblolly  pine  stands  for  the  tested  roughness-moisture  region 
are  summarized  in  Table  2.  In  Table  2,  we  use, 

i)  roman  font  if  the  maximum  T/C  ratio  is  £  1  dB,  and 

ii)  italic  font  if  the  minimum  T/C  ratio  is  <  1  dB  and 
maximum  T/C  ratio  is  >  1  dB. 

We  refer  to  i)  as  an  insensitive  case,  in  which  the  total 
backscatter  is  not  sensitive  to  surface-related  scatterings,  and 
ii)  as  an  intermediate  case.  C-HH  and  C-VV  backscatter  have 


a  moderate  degree  of  sensitivity  to  surface-related  scattering 
for  a  young  stand  D68  at  6q  of  20®  and  30®,  and  a  mid-aged 
stand  D51  at  Oq  of  20®,  C-HV  backscatter  has  intermediate 
sensitivity  to  the  surface-related  scattering  for  the  young 
stand  at  Gq  -  20®.  In  the  other  cases,  backscatter  is  not  sensi¬ 
tive  to  surface  scattering  (Table  2).  Therefore,  it  is  not  neces¬ 
sary  to  measure  surface  roughness  and  moisture  in  these 
stands  for  purposes  of  modeling  forest  backscatter  at  C-band. 

To  understand  variation  of  the  T/C  ratios,  we  simulate 
C-band  scattering  from  the  stands  at  6q  =  30®  (Fig.  2). 
Because  the  relation  of  modeled  surface  scattering,  canopy 
volume  scattering,  and  total  backscatter  is  similar  at  C-HH, 
C-HV,  an  C-VV,  only  modeled  C-HH  results  are  shown.  Sur¬ 
face  rms  roughness  height  of  2.5  cm  (mean  of  0.8  cm  and  4.2 
cm)  and  soil  volumetric  moisture  content  of  25%  (mean  of 
5%  and  45%)  are  used  in  the  simulation.  Canopy  scattering 
(curve  c)  dominates  total  backscatter  from  the  stands.  There 
is  some  contribution  from  surface  scattering  (curve  s)  to  the 
total  backscatter  (curve  t);  its  contribution  is  smaller  for  the 
mature  stands  (Fig.  2).  Because  scattering  from  the  trunk- 
ground  and  canopy-ground  terms  is  less  than  -40  dB,  their 
curves  are  not  shown  in  the  figure.  The  variation  of  T/C 
ratios  over  the  range  of  surface  conditions  in  the  young  stand 
and  mid-aged  stands  is  due  to  surface  backscatter. 

Table  1.  Values  of  typical  T/C  ratio  and  percentage  of  the 
canopy  scattering  in  the  total  backscatter 

T/C  ratio  (dB)  0  0.5  1  2  3  10 

%  of  canopy  scattering  100  89  79  63  50  10 


Table  2.  Simulated  minima  and  maxima  of  T/C  ratios  (dB) 
for  ranges  of  soil  moisture  content  (5%  -  45%)  and  surface 
rms  roughness  height  (0.8  cm  -  4.2  cm)  for  loblolly  stands 


Stand 

^0 

C-HH 

C-HV 

c-w 

D68  (8  yr.  old) 

20® 

0.6-3.0 

0.1-1.1 

0.6-3.1 

30' 

0.2-1.4 

0.0-0.6 

0.2-1.4 

40® 

0.2-1.0 

0.0-0.4 

0.2-1.0 

D51  (25  yr.  old) 

20® 

0.2-1.2 

0.0-0.2 

0.2-1.3 

30® 

0.1-0.5 

O.O-O.l 

0. 1-0.4 

40' 

0.0-0.2 

O.O-O.l 

0.0-0.2 

D14  (23  yr.  old) 

20' 

0.0-0.2 

O.O-O.l 

0.0-0.2 

30' 

O.O-O.l 

O.O-O.O 

O.O-O.l 

40' 

O.O-O.O 

O.O-O.O 

O.O-O.O 

D44  (60+  yr.  old) 

20® 

0.0-0.2 

O.O-O.O 

0.0-0.2 

30® 

O.O-O.l 

O.O-O.O 

O.O-O.l 

40® 

O.O-O.O 

O.O-O.O 

O.O-O.O 

D7  (60+  yr.  old) 

20® 

O.O-O.l 

O.O-O.O 

O.O-O.l 

30® 

O.O-O.O 

O.O-O.O 

O.O-O.O 

40® 

O.O-O.O 

O.O-O.O 

O.O-O.O 
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Scattering  Mechanisms  Causing  Variation  of  T/C  Ratio 

Comparing  modeled  scattering  (Fig.  2),  we  have  noted 
that  the  change  of  C-band  T/C  ratios  is  caused  by  surface 
scattering,  and  this  occurs  only  in  young  and  mid-aged 
stands.  We  attribute  the  finding  to  the  surface  roughness.  For 
a  surface  with  a  roughness  nns  height  of  2.5  cm,  the  surface 
is  very  rough  at  C-band.  When  a  surface  is  rough  the  direct 
surface  backsca tiering  may  be  strong  but  surface  specular 
scattering  may  not  be.  Therefore,  direct  surface  backsca tter 
could  be  strong,  whereas  scattering  mechanisms  involving 
specular  scattering  (eg.,  the  trunk-ground  and  canopy-ground 
terms)  could  be  weak.  Surface  scattering  is  greater  in  the 
young  stand  and  (perhaps)  mid-aged  stands  than  in  the 
mature  stands.  This  may  be  a  result  of  more  canopy  attenua¬ 
tion  in  mature  stands  than  in  the  young  and  mid-aged  stands. 
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Fig.  2.  Modeled  C-band  backscatter  at  30°  incidence  angle 
from  5  loblolly  pine  stands  (roughness  height  =  2.5  cm,  mois¬ 
ture  content  =  25%). 


Fig.  1.  Modeled  C-band  total  backscatter  to  canopy  scatter¬ 
ing  ratio  (dB,  contour  line)  at  30°  incidence  angle  from  a 
young  loblolly  pine  stand  D68. 


(a) 


(b) 


(c) 

Volumetric  moisture  content  (%) 
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Abstract  -  The  potential  of  multifrequency  and  polari¬ 
metric  data  to  monitor  deciduous  and  coniferous  forests  is 
presented.  A  remarkable  increase  of  the  backscatter  can 
be  noticed  from  spring  to  autumn  for  both  forest  types. 
Backscatter  derived  from  data  reasonably  agrees  with 
model  calculations.  Correlation  coefficient,  co-polarized 
phase  differences  and  backscattering  coefficients  show  no 
significance  for  species  discrimination.  A  dominance  of 
volume  scattering  from  the  crown  is  verified  by  decompo¬ 
sition  model  calculations  for  all  three  frequencies. 


INTRODUCTION 

In  April  and  October  1994  the  Space  Shuttle  Endeav¬ 
our  flew  the  SIR-C/X-SAR  missions,  where  the  Earth  was 
observed  for  the  first  time  with  three  radar  frequencies  si¬ 
multaneously  from  space  -  L-  and  C-band  with  full  polari¬ 
metric  capabilities  and  X-band  in  VV-polarization.  Dur¬ 
ing  each  of  the  two  Space  Radar  Lab  (SRL)  missions  the 
super  test  site  Oberpfaffenhofen  was  imaged  twice  fully 
polarimetric  —  on  April  11  and  October  2  (data  take  30) 
under  26''  and  on  April  13  and  October  4  (DT  62)  under 
42"  incidence  angle.  Mature  beech  and  spruce  forests  in 
Bavaria  [1]  were  under  observation.  Seasonal  changes  of 
backscatter,  comparison  of  SIR-C/X-SAR  data  and  MIM¬ 
ICS  results,  correlation  coefficient,  co-polar  phase  and 
backscatter  differences  for  species  distinctiveness  and  a 
decomposition  model  for  scattering  discrimination  are  the 
topics  of  the  paper. 


SEASONAL  CHANGES 

The  life  processes  of  a  tree  undergo  seasonal  and  diur¬ 
nal  cycles  which  will  reflect  in  changing  backscatter  be¬ 
havior.  Foliage  growth  and  loss  patterns  are  different 
for  deciduous  and  coniferous  trees.  Beech  exhibits  a  pro¬ 
nounced  annual  cycle  whereas  spruce  keeps  needles  up  to 
seven  years  and  replaces  only  a  fraction  of  the  total  nee¬ 
dle  biomass  annually.  The  most  extensive  growth  of  leaf 
or  needle  biomass  occurs  in  late  spring  after  bud  break. 
Therefore  it  can  be  expected  that  the  spruce  forest  ex¬ 
hibits  only  a  low  seasonal  backscatter  variation  compared 
to  a  high  variability  of  the  beech  forest. 

Backscatter  of  these  four  data  takes  is  compared  in 
table  1.  For  DT  30  a  seasonal  difference  As^a  (spring  - 
autumn)  of  -3  dB  in  L-band  and  -5  dB  in  C-band  can  be 
noticed  in  all  polarizations  for  the  beech  forest  (table  la). 
DT  62  shows  no  such  significant  differences,  which  is  quite 


remarkable  because  on  13  April  the  whole  test  site  was 
covered  with  a  wet  snow  layer. 


Beech 

L-Band 

C-Band 

X-Band 

<7°  [dB] 

HH 

VV 

HV 

HH 

VV 

HV 

VV 

11.4.94 

-8.9 

-11.7  - 

14.7 

-10.8 

-11.4 

-17.2 

-8.4 

2.10.94 

-6.2 

-8.4  - 

11.0 

-6.2 

-4.6 

-12.6 

-7.2 

-2.T 

-3.3 

-3.7 

-4.6 

-6.8 

-4.6 

-1.2 

13.4.94 

-7.2 

-7.6  - 

•12.3 

-6.1 

-7.2 

-10.6 

-9.1 

4.10.94 

-6.9 

-5.9  - 

10.3 

-7.8 

-8.7 

-15.0 

-8.4 

As-a 

-0.3 

-1.7 

-2.0 

1.7 

1.5 

4.4 

-0.7 

Table  la:  Seasonal  cr®  changes  of  the  beech  forest  between 
the  two  space  radar  lab  missions  (SRL-1/-2) 


Spruce 

L-Band 

C-Band 

X-Band 

a°  [dB] 

HH 

VV 

HV 

HH 

VV 

HV 

VV 

11.4.94 

-6.2 

-9.8 

-14.0 

-10.0 

-11.1 

-13.1 

-9.5 

2.10.94 

-5.7 

-6.9 

-11.3 

-6.4 

-5.6 

-12.2 

-9.3 

As~a 

-0,5 

-2.9 

-2.7 

-3.6 

-5.5 

-0.9 

-0.2 

13.4.94 

-6.1 

-7.2 

-10.6 

-8.0 

-8.0 

-13.6 

-10.0 

4.10.94 

-5.4 

-6.7 

-10.6 

-7.7 

-8.3 

-14.7 

-10.4 

As-a 

-0.7 

-0.5 

±0.0 

-0.3 

0.3 

1.1 

0.4 

Table  lb:  Seasonal  a"  changes  of  the  spruce  forest  between 
SRL-1  and  SRL-2 


The  spruce  forest  shows  seasonal  differences  for  DT  30 
of  -3  dB  for  the  co-polar  signals  with  the  exception  of 
L-HH  with  only  -0.5  dB  (table  lb).  In  DT  62  again  no 
significant  difference  can  be  found  between  spring  with  a 
snow  layer  and  autumn. 


SIR-C/X-SAR  DATA  AND  MIMICS  RESULTS 

The  Michigan  Microwave  Scattering  Model  (MIMICS) 
for  continuous  canopies  is  a  semi-empirical  backscatter 
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model  where  the  tree  canopy  is  devided  in  three  layers:  the 
crown  layer,  the  trunk  layer  and  the  underlaying  ground 
[2].  MIMICS  is  a  first  order  scattering  model  with  full  po- 
larimetric  capabilities,  valid  for  frequencies  from  0.5  GHz 
to  10  GHz  and  incidence  angles  between  10  and  60  degrees, 
and  therefore  covering  the  whole  range  of  SIR-C/X-SAR 
data. 

Geometric  and  dielectric  properties  were  sampled  dur¬ 
ing  an  extensive  ground  truth  campaign  in  autumn.  These 
parameters  are  necessary  inputs  for  the  model  calculation 
which  are  compared  with  SAR  data  in  table  2. 


Beech 

L-Band 

C-Band 

X-Band 

(7°  [dB] 

HH  VV  HV 

HH  VV  HV 

VV 

2.10.94 

-6.2  -8.4  -11.0 

-6.2  -4.6  -12.6 

-7.2 

MIMICS 

-6.5  -8.6  -14.7 

-8.9  -9.1  -26.8 

-8.7 

Ap-M 

0.3  0.2  3.7 

2.7  4.5  14.2 

1.5 

4.10.94 

-6.9  -5.9  -10.3 

-7.8  -8.7  -15.0 

-8.4 

MIMICS 

-8.3  -9.0  -15.0 

-6.3  -9.3  -27.1 

-9.3 

Ax)_a/ 

1.4  3.1  4.7 

-1.5  0.6  12.1 

0.9 

Table  2a:  Comparison  of  modeled  and  measured  backseat  ter 
fcom  beech  forest 


Spruce 

L-Band 

C-Band 

X-Band 

£7°  [dB] 

HH  VV  HV 

HH  VV  HV 

VV 

2.10.94 

-5.7  -6.9  -11.3 

-6.4  -5.6  -12.2 

-9.3 

MIMICS 

-6.4  -8.3  -11.7 

-8.6  -9.5  -15.6 

-7.4 

Ad~m 

0.7  1.4  0.4 

2.2  2.9  3.4 

-1.9 

4.10.94 

-5.4  -6.7  -10.6 

-7.7  -8.3  -14.7 

-10.4 

MIMICS 

-8.0  -12.4  -14.4 

-11.5  -11.9  -17.9 

-10.6 

Ad-m 

2.6  5.7  3.8 

3.8  3.6  3.2 

0.2 

Table  2b:  Comparison  of  modeled  and  measured  backseat  ter 
from  spruce  forest 


Co-polarized  components  for  both  stands  derived  from 
data  reasonably  agree  with  the  model  calculation  where 
HH  is  normally  a  little  bit  higher  than  the  VV  component. 
The  predicted  RCS  of  the  beech  for  HV-polarization  in 
C“band  is  13  dB  below  the  measured  data.  This  is  most 
likely  from  an  underestimation  of  multiple  scattering  from 
branches  in  the  model. 


CORRELATION  COEFFICIENT 

The  correlation  coefficient  indicates  the  measure  of 
similarity  of  backseat  ter  signals  in  the  different  polariza¬ 


tion  modes.  It  estimates  the  relation  between  the  deter¬ 
ministic  and  statistical  scattering  behavior  of  the  observed 
object. 

The  correlation  coefficient  phy  of  the  two  co-polarised 
signals  is  in  L-band  0.28  ±0.05  for  both  species.  In  C-band 
the  correlation  is  higher  0.55  ±0.15  indicating  a  surface 
scattering  character  of  the  forest  for  this  shorter  wave¬ 
length,  i.e.  the  dominant  scatters  are  small  twigs,  leaves 
for  the  beech  and  the  needles  for  the  spruce.  The  corre¬ 
lation  coefficient  p^x  reaches  its  highest  values  on  the  13 
April  -  the  “godsend”  snow  data  take.  This  effect  of  the 
wet  snow  is  stronger  in  C-band  than  in  L-band. 

CO-POLAR  PHASE  DIFFERENCE 

From  the  co-polar  phase  difference  ^hh-vv  (ta¬ 
ble  3)  the  main  scattering  mechanism  can  be  deducted: 
^HH-VV  ~  0®  for  pure  single-bounce  scattering  and 
^HH-vv  =  180^  for  double-bounce  scattering. 


^HH~VV 

Beech 

L-band  C-band 

Spruce 

L-band  C-band 

11.4.94,  e  =  26° 

-19.6^ 

23.8° 

-32.8° 

2.7° 

13.4.94,  9  =  42° 

-62.0° 

-10.5° 

-30.9° 

15.9° 

2.10.94,  9  =  26° 

-53.9° 

4.9° 

-39.6° 

7.4° 

4.10.94,  9  =  42° 

31.0° 

13.1° 

-6.2° 

6.5° 

Table  3:  Mean  value  of  co-polar  phase  difference  ^hh—vv  in 
degrees 

For  both  species  the  mean  value  of  ^hh-vv  is  around 
0^  in  C-band  whereas  in  L-band  ^ h H —vv  reaches  abso¬ 
lute  higher  values.  That  indicates  a  higher  double-bounce 
contribution  from  trunk-ground  scattering  in  the  lower  fre¬ 
quencies. 


DISTINCTIVENESS  OF  SPECIES 

In  table  4  no  significant  difference  between  the 
backscatter  of  beech  and  spruce  (Ab_5)  can  be  noticed. 
AU  differences  in  C-band  are  within  the  accuracy  of  the 
sensor  and  as  well  most  differences  in  L-band. 


Ab-s 

L 

-Band 

C 

-Band 

X-Band 

C7°  [dB] 

HH 

VV 

HV 

HH 

VV 

HV 

VV 

11.4.94 

-2.7 

-1.9 

-0.7 

-0.8 

-0.4 

-0.1 

1.1 

13.4.94 

-1.2 

-0.4 

-1.7 

1.2 

0.1 

0.4 

0.9 

2.10.94 

-0.4 

-1.5 

0.3 

0.3 

0.9 

-0.4 

2.1 

4.10.94 

-1,4 

0.9 

0.4 

±0.0 

-0.3 

-0.4 

2.0 

Table  4:  Difference  of  measured  backscatter:  Beech  -  Spruce 
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Therefore  the  low  measured  beech-spruce  backscatter 
differences  for  all  polarization  states  can  be  attributed  to 
a  similar  backscatter  behavior  of  the  beech  forest  after 
bud  break  and  immediately  before  defoliation  in  autumn 
related  to  the  backscattering  of  the  spruce  forest.  Hence 
a  distinctiveness  of  species  from  two  seasonal  data  sets 
seems  not  feasable.  At  least  a  third  data  set  is  necessary 
during  summer  when  the  beech  foliage  is  fully  developed. 
However  in  X-band  a  difference  of  2  dB  occurs  in  autumn 
and  1  dB  in  spring.  This  can  be  an  effect  of  differences  in 
the  surface  scattering  of  needles  and  leaves. 


DECOMPOSITION  MODEL 

For  forested  areas  different  microwave  frequencies  pro¬ 
vide  information  about  different  layers  of  the  canopy  [3]. 
X-  and  C-Band  signals  primarily  interact  with  the  crown 
layer  -  the  X-band  with  the  crown  surface  and  the  C- 
band  with  the  tree  canopy  volume.  L-band  penetrates 
the  crown  and  interacts  primarily  with  main  branches, 
trunks  and  ground.  Canopy  architecture  strongly  affects 
the  contribution  from  different  scattering  mechanisms  like 
surface,  volume  and  double-bounce  scattering  [4]. 

Model  calculations  with  MIMICS  show  that  for  co¬ 
polarization  the  crown  provides  the  main  contribution  to 
the  backscatter  in  aU  three  frequencies.  Additionally  the 
trunk-ground  and  ground-trunk  interaction  is  a  significant 
component  for  HH-polarization  at  L-band.  The  crown  is 
the  only  source  for  the  backscatter  in  cross-polarization. 

Freeman  and  Durden  developed  a  three-component 
scattering  model  to  describe  polarimetric  SAR  data  [5]. 
A  combination  of  three  basic  scattering  mechanisms  - 

1.  volume  scatter  from  a  cloud  of  randomly  oriented 

dipoles  (vol) 

2.  even-bounce  scatter  from  a  pair  of  orthogonal  surfaces 

with  different  dielectric  constants  (dbl) 

3.  Bragg  scatter  from  a  moderately  rough  surface  (surf) 

-  is  fitted  to  polarimetric  SAR  data. 

For  volume  scattering  the  assumption  of  very  thin 
cylinder-like  scatterers  with  a  uniform  orientation  distri¬ 
bution  one  can  deduct  that  the  cross-pol  term  power  is 
a  third  of  the  co-pol  term  power.  Thus  the  model  deter¬ 
mines  the  volume  scatter  from  the  HV  term.  The  model 
assumes  pure  volume  scattering  if  the  difference  between 
the  lower  co-pol  term  and  the  cross-term  is  lower  than 
4.8  dB. 

For  C-band  (table  5)  the  beech  forest  exhibits  a  greater 
volume  component  in  spring  (80%)  than  in  autumn  (65%) 
whereas  the  spruce  forest  has  always  a  volume  component 
about  75%  (with  the  exception  of  the  snow  data  take). 
In  the  beech  forest  the  longer  propagation  path  through 
the  crown  for  42^  incidence  angle  results  in  an  increasing 
volume  term.  For  both  species  are  double-bounce  effects 
almost  neglect  able. 


C-band 

Beech 

Spruce 

[%] 

dbl 

surf 

vol 

dbl 

surf 

vol 

11.4.94,  e  =  26° 

4.5 

16.1 

79.4 

0.2 

27.7 

72.1 

13.4.94,  0  =  42° 

0.2 

16.4 

83.4 

1.2 

12.1 

86.7 

2.10.94,  0  =  26° 

0.1 

37.2 

62.7 

0.4 

22.6 

77.0 

4.10.94,  0  =  42° 

O.T 

30.5 

68.8 

4.6 

24.8 

70.6 

Table  5:  Decomposition  results  of  beech  and  spruce  in  C-band 

The  dominance  of  volume  scattering  from  the  crown  is 
predicted  by  MIMICS  for  all  frequencies  and  veryfied  by 
decomposing  the  polarimetric  SAR  data. 

FUTURE  WORK 

This  work  is  part  of  a  long  term  investigation  on  beech 
and  spruce  forests  in  Central  Europe  with  spaceborne 
(ERS,  Radarsat)  and  airborne  (ESAR)  radar  sensors.  A 
permanent  data  logging  station  has  been  installed  for  the 
ground  truth  data  collection,  including  measurements  of 
trunk  dielectric  constants,  xylem  fluxes  and  microclimate. 
The  overall  aim  is  to  retrieve  forest  vitality  parameters 
from  remotely  sensed  SAR  data. 
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Abstract  -  Evaluating  the  accuracy  of  a  scanning  radar 
altimer  for  forest  inventory  is  problematic,  as  no  feasible 
radars  exist,  and  the  ground  truth  data  collected  by  conven¬ 
tional  means  is  often  not  accurate  enough.  In  this  paper,  a 
simulation  method  [11  for  optimizing  the  technical  parame¬ 
ters  of  a  scanning  radar  altimeter  and  evaluating  the  radar’s 
accuracy  for  forest  inventory  is  described.  The  method  is 
based  on  statistical  information  of  boreal  forest  stands,  radar- 
derived  stand  profiles  and  simulation. 

INTRODUCTION 

The  possibility  of  applying  ranging  radars  for  forest  can¬ 
opy  inventory  has  been  extensively  studied  since  the  mid 
198()s  [2,3,4,51.  Bernard  et  al.  [2]  reported  the  first  radar- 
derived  stand  profiles  using  a  helicopter-borne  ranging  5.35 
GHz  dual-polarization  scatterometer,  ERASME  (Etude  Ra¬ 
dar  des  Sols  et  de  la  Mer)  and  suggested  that  the  shape  of  the 
backscattering  signal  correlates  with  important  mean  stand 
characteristics,  such  as  tree  height  and  density.  Later, 
Hyyppa  [1]  showed  that  the  ranging  radar  is  a  powerful  tool 
for  determining  the  mean  and  dominant  tree  height,  total 
basal  area,  stem  volume,  height  of  the  crown  base  and  clas¬ 
sification  of  categorical  variables  of  compartments,  such  as 
development  classes,  land  classes,  bog  types  and  fertility 
classes.  In  earlier  studies  non-imaging  (non-scanning)  radars 
have  been  used.  However,  imaging  radar  systems,  i.e.  scan¬ 
ning  radar  altimeters,  offer  better  means  to  meet  the  cost  and 
accuracy  requirements  of  operational  forest  inventories. 

A  scanning  radar  altimeter  is  a  good  alternative  for  topo¬ 
graphic  terrain  survey  in  cases  where  conventional  tech¬ 
niques  are  too  inaccurate,  laborious,  and/or  time-consuming. 
Potential  applications  include  tree  height,  stem  volume  and 
biomass  measurements  for  forest  inventories,  topographic 
terrain  survey  of  forest  areas,  determination  of  volumes  of 
hills,  gravel  pits,  chip  or  coal  piles,  tracing  of  roads,  rail¬ 
ways,  pipe  and  cable  routes. 


The  authors  are  grateful  to  the  Academy  of  Finland^ 
Jenny  and  Antti  Wihuri  Foundation  and  Alfred  Kordelin 
Foundation  for  financial  support. 


In  1988  Pulliainen  and  Hyyppa  [61  suggested  the  use  of  a 
scanning  ranging  altimeter  for  stem  volume  assessment. 
Evaluating  the  accuracy  of  the  instrument  in  forest  inventory 
is,  however,  very  problematic,  as  no  feasible  radars  exist  and, 
on  the  other  hand,  the  ground  truth  data  collected  by  con¬ 
ventional  means  is  often  not  accurate  enough.  The  accuracy 
of  field  inventories  is  typically  15  %. 

In  this  paper,  a  simulation  method  for  optimizing  the 
technical  parameters  of  the  scanning  radar  altimeter  and 
evaluating  the  radar’s  accuracy  for  forest  inventory  is  de¬ 
scribed. 

METHOD 

The  method  combines  statistical  information  of  boreal 
forest  stands,  radar-derived  stand  profiles  and  simulation.  A 
simulated  forest  was  created  by  using  both  the  statistical  in¬ 
formation  of  stand  characteristics  and  Tnie’  compartmental¬ 
ized  forest  inventory  data  to  obtain  a  representative  forest 
area  with  stand  characteristics  exactly  known.  The  response 
of  the  radar  from  the  forest  was  simulated  by  using  true  ra¬ 
dar-derived  stand  profiles  obtained  by  non-imaging  ranging 
scatterometer,  HUTSCAT  (Helsinki  University  of  Technol¬ 
ogy  Scatterometer). 

SCANNING  RADAR  ALTIMETER 

The  scanning  radar  altimeter  (Fig.  1)  produces  three- 
dimensional  image  of  the  target  by  scanning  the  antenna 
beam  in  the  across-track  direction  [71.  A  high  spatial  resolu¬ 
tion  can  be  achieved  by  synthetic  aperture  techniques  in  the 
flight  direction,  and  in  the  across-track  direction  with  a  nar¬ 
row  beam  produced  by  a  large  antenna.  A  high  range  resolu¬ 
tion  can  be  obtained  by  transmitting  linear  frequency- 
modulated  pulses,  and  by  using  deramp  compression  in  the 
receiver. 

SIMULATION  OF  FOREST  AREA 

The  True’  field  inventory  data  of  the  1300-ha  test  site 
(Teijo)  located  130  km  west  of  Helsinki  was  obtained  from 
the  Finnish  Forest  and  Park  Service.  The  compartmentalized 
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data  included  estimates  for  the  stem  volume  [niMiaJ,  basal 
area  [m%a].  mean  height  [niJ,  number  of  tree  stems  [pc/hal 
and  tree  species.  In  addition  over  thousand  trees  were  care¬ 
fully  measured  to  obtain  the  statistical  information  of  stand 
characteristics. 

In  the  simulation,  the  forest  was  constructed  tree  by  tree 
resulting  in  one  possible  realization  of  a  tnie  forest  with  ex¬ 
actly  known  characteristics.  The  simulation  consisted  of  two 
procedures,  the  creation  of  an  individual  tree  and  the  crea¬ 
tion  of  a  compartment,  described  in  speudo  code  below. 

Simulation  of  an  individual  tree 

A  tree  (location,  diameter,  height  and  stem  volume)  was 
simulated  as  follows.  In  all  simulations,  a  random  function, 
rand,  was  used  to  create  normally  distributed  random  num¬ 
bers  between  -  I  and  1. 

The  location  was  simulated  by  using  a  table  to  identify 
compartment  number  of  the  respective  x  and  y  coordinates, 
and  using  information  of  centre  points  of  each  compartment. 

Repeat 

X  <~f(xjeoordjof_centre_of_  compartment, rand) 
y  <—f(y  coord  of  centre  of  ^compartment,  rand) 

Until  location  [x,y]  belongs  to  compartment 

The  diameter  (at  breast  height),  d,  was  simulated  by  us¬ 
ing  the  median  tree  diameter  of  the  corresponding  compart¬ 
ment  taking  into  account  the  statistical  diameter  variation 
(based  on  tree  measurements)  within  the  compartment. 

d  <—  d  of  a  median  tree  +  variation  x  rand 

The  height,  h,  was  simulated  by  using  a  regression  model 
as  a  fimction  of  d.  The  model  was  developed  using  the  di¬ 
ameter  and  height  statistics  obtained  from  Teijo  tree  meas¬ 
urements. 

h  <-  f(d,rand) 

The  stem  volume  of  a  tree,  v,  was  calculated  using  formu¬ 
lae  developed  for  Finnish  forests  [81.  The  equations  are  based 
on  diameters  at  a  fixed  height  and  tree  height. 

<-exp(a]  +  a2ln(d)^  a^d  +  a4ln(h)  +  afn(h-a^) 

where  is  spesific  for  each  tree  species. 

Simulation  of  a  compartment 

A  compartment  was  simulated  by  invoking  the  procedure 
of  an  individual  tree  according  to  the  number  of  the  tree 
stems  in  a  compartment.  The  True’  compartmentalized  data 
consisted  of  five  strata;  therefore,  in  simulation  each  strata 
was  created  individually. 


A  strata  was  simulated  by  using  median  tree  diameter, 
tree  species,  number  of  tree  stems,  stem  volume  per  hectare, 
basal  area  per  hectare,  mean  tree  height  and  size  of  the  com¬ 
partment. 

Repeat 

simulate  a  tree 
put  tree  information  into  stack 
calculate  total  volume,  total  basal  area  and 
mean  height 

increment  number  of  simulated  stems 
if  all  stems  have  been  simulated 

check  that  volume,  basal  area  and  mean 
height  do  not  deviate  more  than 
30  %  of  the  'true '  data 

if  error 

clear  the  stack  and  variables 
Until  all  stems  are  simulated  and  no  error  exists 
Record  the  data  of  simulated  trees 
Record  the  averaged  data  of  the  strata 

SIMULATION  OF  3-D  IMAGES 

The  Teijo  test  site  was  measured  with  an  FM-CW  heli¬ 
copter-borne  8-channel  ranging  scatterometer,  HUTSCAT 
(Helsinki  University  of  Technology  SCATterometer).  Be¬ 
cause  HUTSCAT  is  a  non-imaging  instrument,  the  Teijo 
forest  area  was  divided  into  18  strips  with  150  metres  spac¬ 
ing.  The  incidence  angles  were  3^  (C-band)  and  23^  (C-  and 
X-band)  off  nadir.  To  localize  HUTSCAT  data  (which  in¬ 
cludes  time),  GPS-coordinates  and  the  corresponding  time 
were  recorded  at  one  second  intervals.  About  70000  radar 
profiles  were  obtained  at  both  incidence  angles  covering  200 
of  the  total  of  500  compartments. 

The  three-dimensional  image  of  the  forest  was  simulated 
by  using  the  70  000  radar-derived  stand  profiles  and  the  ear¬ 
lier  knowledge  [11  on  mean  and  dominant  tree  heights  which 
could  be  obtained  with  1.2  metres  accuracy  from  5-metres 
antenna  footprint.  For  the  simulation  purposes,  the  stand 
profiles  were  stored  into  the  database  according  to  the  an¬ 
tenna  footprint  (spatial  resolution),  tree  species  and  radar- 
derived  tree  height.  In  the  simulation,  profiles,  which  corre¬ 
sponded  to  simulated  tree  height  and  tree  species,  were  ran¬ 
domly  picked  up  from  the  database.  Different  spatial  resolu¬ 
tions  were  obtained  by  averaging  corresponding  radar  pro¬ 
files.  Range  resolution  degradation  was  performed  by  averag¬ 
ing  corresponding  range  cells. 

INTEGRATION  AND  OPTIMIZATION 

The  tree  height  was  calculated  from  the  averaged  stand 
profile  corresponding  to  the  resolution  pixel.  The  stem  vol¬ 
ume  estimate  was  obtained  as  a  function  of  height  for  each 
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resolution  pixel.  The  sum  of  stem  volume  estimates  was  di¬ 
vided  by  the  size  of  the  compartment  to  get  radar-derived 
compartmentalized  estimates,  which  were  regressed  against 
simulated  compartmentalized  values.  After  determination  of 
optimal  spatial  and  range  resolutions,  the  technical  radar 
parameters  were  calculated. 
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ABSTRACT 

A  semi-empirical  approach  for  retrieval 
of  forest  biophysical  properties  (basal  area, 
height,  \voody  stem  biomass  and  crown  biomass) 
has  been  previously  demonstrated  for  forests  in 
Northern  Michigan  using  SIR-C/X-SAR  data. 
This  technique  uses  a  multi-step  process  that 
incorporates  (1)  a  land-cover  classification  to 
specify  forest  structural  type,  (2)  estimates  of 
SAR-derived  basal  area,  height  and  canopy 
biomass  from  class-specific  empirical  algorithms 
using  multifrequency  and  polarimetric  SIR-C/X- 
SAR  data  (3)  in  conjunction  with  readily 
available  ancillary  information  to  convert  volume 
to  dry  mass  in  the  analysis  of  SIR-C/X-SAR 
data. 

This  paper  examines  the  temporal 
stability  of  the  retrieval  process.  At  issue  is  the 
sensitivity  of  the  algorithms  to  scene  dynamics 
such  as  ground-cover  conditions  (i.e.,  snow-cover 
and  soil  moisture)  and  phenological  control  of 
plant  water  status.  We  examine  four  SIR-C/X- 
SAR  scenes  all  acquired  at  approximately  30° 
angle  of  incidence  over  the  Raco  Supersite  in 


Northern  Michigan.  These  SAR  scenes  represent 
four  distinct  conditions  with  respect  to  dielectric 
attributes  at  the  test  site.  Two  scenes  from  SRL- 
1  in  April  1994,  represent  early  spring  tree 
physiology  with  thawed  tree  stems  and  sap 
movement  in  some  species  and  without 
deciduous  leaf-cover;  the  scenes  are  differentiated 
by  the  thickness  and  wetness  conditions  of  the 
snowpack  (dry  and  wet).  Two  additional  scenes, 
from  SRL-2  in  October  1994,  represent  early 
senescence  of  deciduous  species,  and  are 
differentiated  by  near-surface  soil  moisture 
conditions  (i.e.,  before  and  after  heavy 
precipitation).  The  vegetation  is  not  frozen 
during  any  of  the  SAR  observations.  The  results 
show  that  the  date-to-date  differences  in  the 
algorithm  coefficients  are  related  to  dielectric 
effects  of  the  surface  (soil  and  snow-cover).  The 
net  effects  are  shown  to  be  strongest  for  areas  of 
low  biomass  conditions,  wherein  SAR 
sensitivity  of  surface  properties  is  strongest  due 
to  limited  extinction  by  the  overlying  vegetation. 
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ABSTRACT 

The  potential  of  combined  ERS/JERS-1  S  AR  images  for  land 
cover  classification  was  demonstrated  for  the  Raco  test  site 
(Michigan)  in  recent  p^rs  and  articles.  Our  goal  is  to  develop 
a  classification  algorithm  which  is  stable  in  terms  of  ^plica- 
bility  in  different  geographical  regions.  Unlike  optical  remote 
sensing  techniques,  radar  remote  sensing  can  provide  calibrated 
data  where  the  image  signal  is  solely  determined  by  the  physical 
(structural)  and  electrical  properties  of  the  targets  on  the  Earth ’s 
surface  and  near  subsurface.  Hence,  a  classifier  based  on  radar 
signatures  of  object  classes  should  be  applicable  on  new  cali¬ 
brated  images  without  the  need  to  train  the  classifier  again. 

This  article  discusses  the  design  and  ^plicability  of  a  clas¬ 
sification  algorithm,  which  is  based  on  c^ibrated  radar  signa¬ 
tures  measured  from  ERS- 1  (C-band,  vv  polarized)  and  JERS- 1 
(L-band,  hh  polarized)  SAR  image  data.  The  q)plicability  is 
compared  in  two  different  test  sites,  Raco,  Michigan  and  the 
Cedar  Credc  LTER  site,  Minnesota.  It  was  found,  that  classes 
separate  very  well,  when  certain  boundary  conditions  tike  com¬ 
parable  seasonality  or  soil  moisture  conations  are  observed. 

Keywords:  JERS-l/ERS  Classifier,  Calibration,  Radar  Sig¬ 
natures,  Regional  Stability. 

1.  INTRODUCTION 

The  potential  use  of  combined  ERS-1  and  JERS-1  SAR  image 
data  for  land  cover  classification  has  been  demonstrated  by  the 
University  of  Michigan  group  in  recent  papers  and  articles  [1, 
2].  The  “key”  was  found  to  be  the  combination  of  two  comple¬ 
mentary  frequencies  (C-  and  L-Band)  and  polarizations  (hh  and 
vv).  Since  radar  remote  sensors  can  be  absolutely  calibrated  to 
a  very  high  degree  of  radiometric  stability  over  time  and  space, 
the  idea  of  developing  a  single  classifier  based  on  calibrated 
data  is  ^parent.  In  theory,  structurally  and  electrically  similar 
objects,  no  matt^  where  they  appear  on  earth,  should  have  sim¬ 
ilar  radar  signatures,  provided  their  backscattering  values  (cr°) 
were  derived  from  calibrated  images. 

A  total  of  seven  out  of  14  image  pairs  from  test  sites  in  var¬ 
ious  ecological  regions  in  North  and  South  America  have  been 
received  so  far.  A  prototype  classifier  was  developed  for  the 
University  of  Michigan  test  site  in  Raco,  Michigan,  also  known 
0-7803-3068-4/96$5.00©1996  IEEE 


as  a  SIR-C/X-S  AR  supersite  for  ecological  moping.  All  oUict 
test  sites  in  the  project  are  located  within  a  network  of  Long 
Term  Ecological  Research  Sites  (LTER).  This  paper  describes 
the  results  found  when  analyzing  the  first  two  test  sites  in  the 
project  “Regional  Scale  Land  Cover  Classification  Using  Ex¬ 
isting  Orbital  Imaging  Radar”. 

2.  SCENE  SELECTION 

It  is  well  known  that  seasonal  changes  (e.g.  defoliation),  mois¬ 
ture  changes,  and  changes  in  temperature  (frozen/non-firozen) 
affect  radar  backscatter  to  a  considerable  extent,  which  makes 
radar  remote  sensing  a  useful  tool  for  many  ^qjplications.  How- 
evCT,  in  the  case  of  a  unique  classifier  design  with  intended 
multi-site  application,  it  is  necessary  to  select  ERS/JERS-1  im¬ 
ages  which  have  comparable  environmental  conditions  on  the 
dates  of  image  acquisition.  Preferably  summer  scenes  with  non- 
frozen,  “leaf  on”  and  dry  conditions  should  be  selected.  If  scene 
availability  leads  to  the  necessity  to  select  scenes  outside  these 
boundary  conditions,  the  migration  of  the  backscatter  values 
might  still  allow  correct  identification  of  the  class  [2].  How¬ 
ever,  chances  for  misclassification  increase  and  adjustments  to 
the  classifier  might  be  necessary. 

The  two  compared  test  sites  used  in  this  study  are  Raco, 
Michigan,  and  Cedar  Creek,  Minnesota.  Both  sites  are  located 
in  similar  ecological  regions.  The  regions  contain  numerous 
lakes,  scattered  grasslands,  wetlands,  agricultural  areas  and 
forests:  northern  hardwoods,  aspen,  upland  conifers,  and  low¬ 
land  conifers.  The  dates  of  acquisition  for  Raco  were  17th  of 
August  1992  (ERS-1)  and  7th  of  August  1992  (JERS-1).  The 
Cedar  Creek  scenes  were  acquired  on  lOth  of  September  1994 
(ERS-1)  and  9th  of  September  1994  JERS-1).  iMl  four  scenes 
were  acquired  under  diy  summer/late  summer  conditions,  since 
th^  was  no  rainfall  on  and  during  five  days  before  the 
datatakes. 

Although  it  should  make  no  difference,  it  was  decided  to  or- 
der  all  scenes  from  the  same  processing  facilities  in  order  to 
avoid  problems  with  different  processor  gains,  as  encountered 
in  some  cases  in  the  past.  In  the  project,  all  ERS-1  scenes 
were/will  be  processed  by  the  German  Processing  and  Archiv¬ 
ing  Facility  (D-PAF).  All  JERS-1  scenes  wCT^will  be  processed 


1093 


by  NA.SD  A.  The  products  ordered  are  Precision  Image  (ERS- 1) 
andLeve/2.7  (J^S-1).  Both  product  types  are  3-look  Ground 
Range  images  with  12.5m  x  12.5m  pixel  spacing  in  range  and 
azimuth. 

3.  PREPROCESSING  STEPS 

Three  basic  requirements  in  order  to  apply  a  single  JERS-l/ERS 
based  classifier  on  multiple  scene  pairs  need  to  be  fullfilled: 

1.  Accurate  Geocoding  of  the  Image  Pairs 

2.  Absolute  Calibration  of  each  Image 

3.  Constant  Radiometric  Upgrading  and  Conversion 

Geocoding 

To  enable  classification  of  the  combined  ERS/JERS-1  data 
accurate  geocoding  of  each  scene  is  a  prerequesite.  In  coopera¬ 
tion  with  the  Vexcel  Corp.  a  geocoding  software  for  ERS- 1  and 
JERS-1  SAR  images  has  been  developed.  With  this  software 
package  distortions  in  range  and  azimuth  due  to  terrain  can  be 
corrected  with  the  use  of  Digital  Elevation  Models.  In  addition 
layover  and  shadow  masks  as  well  as  a  map  of  the  local  angle 
of  incidence  can  be  generated.  Several  ERS/JERS-1  compos¬ 
ites  have  been  generated  so  far,  and  the  average  error  of  mislo- 
cation  is  smaller  than  50m.  For  further  reference  see  [3, 4]. 
Calibration 

A  very  critical  preprocessing  step  is  the  radiometric  calibra¬ 
tion  of  each  ERS-1  and  JERS-1  scene.  Both  sensors  are 
reported  to  have  a  radiometric  stability  on  the  order  of  about 
half  a  dB  [7, 9],  whereas  several  corrections  need  to  be  made: 
ERS-1:  a  calibration  constant  of  -58.24  dB  is  given  for  all  re¬ 
ceived  scenes.  Variations  are  found  in  the  image  replica  power 
to  range  from  -0.2  to  -0.9  dB,  Usually  the  image  replica  power 
is  given  in  the  header  of  the  ERS-1  PRI  data.  However,  some 
values  needed  to  be  screened  from  an  database  at  D-PAF  [10], 
By  taking  into  account  the  calibration  constant,  the  correction 
term  for  the  image  replica  power  and  the  correction  term  for  the 
local  angle  of  incidence,  the  ERS-1  PRI  digital  numbers  (= Am¬ 
plitudes)  can  be  converted  to  <7°  after  the  formula  given  in  [4, 
7]. 

JERS-1:  Unlike  the  PRI  data,  NASDA’s  Level  2.1  data  are  de¬ 
livered  with  the  local  incidence  angle  already  corrected.  How¬ 
ever,  this  is  only  done  for  an  earth  ellipsoid  model  [11],  To  ap¬ 
ply  the  correction  for  the  local  angle  of  incidence  derived  from 
the  DEM  during  the  geocoding  procedure,  the  ellipsoid  correc¬ 
tion  needs  to  be  “uncorrected”  and  the  DEM-deri  ved  correction 
term  can  be  ^plied  [4],  For  the  conversion  of  the  values  in  the 
Level  2.1  product  a  set  of  three  different  conversion  factors  is 
given  by  NASDA,  Depending  on  the  acquisition  and  process¬ 
ing  date  the  correct  factor  can  be  choosen.  In  the  case  of  the 
Raco  and  Cedar  Creek  scenes  the  factors  were  -66.42  dB  and 
-68.5  dB. 

Radiometric  Upgrading  and  Conversion 

After  the  system  inherent  calibration  was  performed,  the 
last  preprocessing  step  is  the  radiometric  upgrading  of  the  SAR 


JERS-1  Lhh  SigmaO  [dB] 


Figure  1:  Scatterplot  of  ERS-l/JERS-1  backscatter  values. 
Values  in  circles  are  measured  in  the  Cedar  Creek  image  com¬ 
posite,  all  others  are  measured  in  the  Raco  image  composite. 
Legend:  B  =  Bare/Flat  surfaces,  S  =  Short  Vegetation,  W  = 
Wetland,  N  =  Northern  Hardwoods,  J/R  =  Jack/Red  Pine,  L  = 
Lowland  Conifers/Forested  Wetland,  U  =  Urban/Built  Up, 

imagery.  In  order  to  increase  the  effective  number  of  looks  to 
reduce  the  fading  noise,  the  SAR  scenes  need  to  be  filtered.  It 
was  found  that  at  least  a  5x5  average  filter  on  25m  resolution 
data  was  necessary  to  reduce  the  noise  and  increase  the  clas¬ 
sification  accuracy  from  70%  (3x3  Filter)  to  90%  in  the  Raco 
scene  [2].  However,  an  averaging  filter  is  a  low  pass  filter  and 
has  the  disadvantage  of  loss  of  detail  (e.g  edges).  A  very  promis¬ 
ing  new  filter  was  designed  by  [5]  and  will  be  used  in  the  on¬ 
going  project. 

After  the  filterprocess,  data  are  converted  from  16bitto8bit 
resolution  by  mapping  -25  dB  to  +0.5  dB  from  0  to  255.  This 
allows  very  simple  conversion  of  the  digital  number  back  into 
the  dB-domain  and  makes  the  interactive  interpretative  work  on 
the  image  processing  system  easier. 

4.  CLASSIFIER  DESIGN  AND  COMPARISON  OF 
RADAR  SIGNATURES 

To  evaluate  the  applicability  of  a  single  JERS-l/ERS- 1  classi¬ 
fier,  a  two  step  process  was  performed.  The  radar  signatures 
measured  from  80  forest  test  stands  in  the  Raco  test  site  plus 
several  other  training  areas  from  different  classes  were  com¬ 
pared  with  training  plots  in  the  Cedar  Creek  site.  Signatures 
measured  in  the  Cedar  Creek  image  composite  were  identified 


1094 


by  visual  interpretation  of  the  image  during  a  site  visit.  Fig¬ 
ure  1  shows  the  signatures  found  in  both  the  Raco  and  Cedar 
Creek  scene  pairs.  The  combined  signatures  were  used  as  de¬ 
cision  rules  in  a  Maximum  Likelihood  Classifier,  where  cluster¬ 
ing  of  the  groups  is  carried  out  a  posteriori  by  using  the  a  priori 
knowledge  of  which  clustCT  belongs  to  which  class. 

Interpretation  of  Figure  1:  Urban/Built  Up:  Urban  areas  were 
only  measured  in  the  Cedar  Creek  scene,  since  no  larger  built 
up  areas  could  be  found  in  the  Raco  scene  pair.  High  backscat- 
ter  in  both  JERS-1  and  ERS-1  (around  0  dB)  is  found.  Low 
ERS- 1  backscatter  identify  either  no  identification  of  urban  area 
or  misregistration  errors  lead  to  confused  signatures.  However, 
if  one  instrument  identifies  urban,  it  is  sufficient  for  separation 
from  other  classes.  Bare/Hat  Surfaces:  Similar  behavior  as  for 
urban  on  the  “low”  side  of  the  scatterplot.  Generally  JERS-1 
is  identifying  flat/bare  surfaces  better,  since  it  is  less  sensitive 
to  roughness  due  to  the  longer  wavelength.  This  is  especially 
useful  for  the  identification  of  water  bodies,  where  ERS- 1  ’s  C- 
Band  is  very  sensitive  to  water  roughness.  Short  Vegetation: 
Separates  well  from  tall  vegetation  in  L-Band  and  is  very  con¬ 
fused  with  tall  vegetation  in  C-Band.  The  short  vegetation  sig¬ 
natures  in  the  plot  are  mainly  derived  from  hayfields  and  very 
young  forest  plantations  after  clearcutting.  No  agricultural  fields 
with  standing  crop  were  measured.  Other  groups  report  for  com 
fields  ERS-1  backscatter  values  from  -8  dB  (iy  soil)  to  -6  dB 
(wet  soil)  [6].  Wetland:  Backscatt^  in  ERS-1  around  -7  to  -6 
dB  .  Shows  confusion  here  only  with  some  lowland  conifers. 
However,  in  conjunction  with  JERS-1  (backscatter  around  -9 
dB)  this  class  separates  well.  Tall  Vegetation:  Range  for  tall 
vegetation  is  related  to  biomass  (relates  to  “structural  rough¬ 
ness”).  Neither  instrument  alone  could  separate  between  the 
three  classes,  but  the  combination  of  the  sensors  allows  sepa¬ 
rability  between  the  excurrent  and  decurrent  forms.  However, 
the  dynamic  range  is  small  and  inaccuracies  in  calibration  of 
the  data  will  have  the  strongest  effects  on  separation  of  differ¬ 
ent  structural  forest  classes.  Overall:  Identical  classes  in  both 
test  sites  are  found  to  be  in  the  same  neighborhood  in  the  scat¬ 
ter  plot. 

The  addition  of  radar  signatures  measured  in  Cedar  Creek 
and  added  to  the  classifier  solely  based  on  the  Raco  rules  im¬ 
proved  the  Raco  scene  classification,  e.g.  in  better  idenification 
of  wetlands.  In  the  ongoing  project  it  is  expected  to  fill  in  gaps 
in  the  scatterplot  and  therefore  refine  the  clusters  for  the  classi¬ 
fier. 


5.  CONCLUSIONS 

It  was  pointed  out,  that  careful  scene  selection  and  accurate  pre¬ 
processing  of  JERS-1  and  ERS-1  data  can  provide  radiometri- 
cally  comparable  S  AR  image  composites.  It  was  demonstrated, 
that  for  two  regions  a  single  land  cover  classifier  design,  based 
on  structural  classes  is  possible  and  applicable.  Twelve  more 
test  sites  from  different  ecological  regions  will  be  investigated. 
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Abstract  -  The  understanding  of  ecosystem  processes  and  the 
impacts  of  natural  and  anthropogenic  induced  change  upon 
them  requires  developing  techniques  to  monitor  possible 
changes  in  the  structure,  composition,  and  function  of 
ecosystems.  In  this  research  we  used  a  3-D  radar  backscatter 
model  and  spatial  data  analysis  to  study  the  relationships 
between  forest  patterns  caused  by  logging  and  spatial 
properties  of  radar  images.  The  simulated  results  compared 
favorably  with  AIRSAR  data  from  an  area  of  managed  forests. 

INTRODUCTION 

Forest  management  practices,  such  as  thinning,  strip  or  clear 
cutting,  changes  the  canopy  structure  at  different  scales.  Radar 
backscattering  is  sensitive  to  vegetation  water  content,  its 
arrangement  within  the  3-D  canopy  structure  as  leaves, 
branches,  trunks,  and  the  underlying  surface  characteristics. 
Gaps  between  trees  influence  the  relative  intensity  of 
backscattering  components  from  a  forest  stand  and  the  texture 
of  radar  images.  The  ability  to  characterize  forest  spatial 
properties  in  terms  of  horizontal  and  vertical  structure  would 
be  useful  for  initializing  forest  ecosystem  models  and 
understanding  the  processes  contributing  to  forest 
development.  Many  methods  have  been  used  for  the  analysis 
of  spatial  pattern,  such  as  the  two-term  local  quadrat  variance 
(TTLQV)  [1,2],  fractal  geometry  [3],  lacunarity  [4-5],  and 
variogram  [6].  In  this  research  we  use  a  3-D  radar  backscatter 
model  [7]  and  variogram  analysis  to  study  the  relationships 
between  forest  patterns  caused  by  logging  and  spatial 
properties  of  radar  images.  Model  results  are  compared  to 
AIRSAR  data  of  a  managed  forest  in  Maine,  USA. 

AIRSAR  DATA 

The  two  AIRSAR  images  used  in  this  study  were  acquired  on 
October  7,  1994  with  less  than  one  hour  apart.  Fig.  1  shows 
two  L-band  total  power  images.  The  illumination  directions  of 
the  two  images  are  different:  the  left  image  (cm4457)  is  from 
the  left  while  the  right  image  (cm4458)  is  from  the  top. 
Backscattering  coefficients  (L-band  HH)  from  four  target 
areas  of  uncut  forest  and  three  strip  cuts  with  different 
orientations  extracted  from  AIRSAR  images  are  listed  in 
Table  1. 

For  the  images  used  in  this  study,  the  strip  cuts  slightly 
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reduced  backscattering  as  shown  in  Table  1.  The  most 
reduction  is  in  the  case  when  radar  illumination  was  parallel 
to  strip  cuts  so  more  bare  forest  floor  could  be  seen. 
Simulated  images  show  a  similar  trend  as  discussed  below. 

Table  1.  LHH  backscattering  coefficients  (dB)  of  four  forest 
targets:  No  Cut  (undisturbed  forests)  and  strip  cuts  of  different 
orientations  relative  to  radar  beam. 


Strip  cut 
direction 

CM4457 

CM4458 

MODEL 

No  Cut 

-5.97 

-6.10 

-6.00 

Diagonal 

-5.15 

-6.50 

-7.97 

Parallel 

-7.00 

-6.84 

-8.28 

Perpendicular 

-6.12 

-6.60 

-7.43 

BACKSCATTER  MODELING 


In  a  3-ha  70-year  old  stand  of  northern  forest  within 
International  Paper’s  Northern  Experiment  Forest,  located  near 
Howland,  Maine,  USA,  the  Cartesian  stem  location,  diameter 
at  breast  height  (dbh),  tree  species  and  relative  canopy 
position  were  measured  for  each  stem  (>  3  cm  dbh).  A  total 
of  7807  trees  were  recorded  in  this  stand.  This  200m  x  150m 
stem  map  data  was  used  to  construct  a  3-D  model  of  the 
stand.  Strip  cut  patterns  similar  to  those  observed  elsewhere 
in  the  forest  area  were  imposed  on  the  3-D  model  of  the 
stand.  The  patterns  were  developed  by  alternating  9.15m  wide 
swaths  of  trees  with  15.25m  wide  bare  areas  (all  trees 
removed)  which  is  a  typical  strip  cut  pattern  in  our  study  area. 
The  process  was  repeated  for  strip  cuts  oriented  at  different 
azimuth  angles  with  respect  to  the  radar  range  direction.  The 
L-band  radar  backscattering  images  of  pixel  spacing  from  1  m 
and  8  m  were  simulated.  Modeled  backscatter  coefficients  for 
the  four  patterns  are  compared  to  AIRSAR  data  in  Table  1. 
Fig.  2  shows  the  simulated  images. 

SPATIAL  ANALYSIS 

Variogram  has  been  called  a  structure  function  in  probability, 
and  has  been  used  in  studying  spatial  structure  of  a  random 
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Strip  Cuts 

Fig.  1.  AIRSAR  images  of  a  managed  forest  near  Howland,  Maine,  acquired  Oct.  7, 1994. 


process  at  several  scales  simultaneously  [7].  When  the 
variogram  can  be  fitted  into  a  power  model  (2Y(h)=c+b*h^), 
the  0<X<2  is  a  fractal  Brownian  motion  with  parameter 
H=A,/2.  Fig.  3  shows  variograms  along  the  range  direction  of 
simulated  and  AIRSAR  images  (cm4457).  Simulated  images 
with  1-meter  pixel  size  show  that  the  four  forest  types  have 
distinct  variograms:  while  the  strip  cuts  along  azimuth 
direction  shows  a  wave  pattern,  the  rest  show  a  power  pattern 
with  different  A,'s.  At  8-meter  pixel  size,  for  both  simulated 
and  AIRSAR  images,  the  strip  cuts  at  diagonal  and  azimuth 
directions  show  obvious  wave  patterns.  For  simulated  images 
the  lags  of  pixels  between  peaks  are  3  pixels  for  perpendicular 
cuts  and  4  pixels  for  diagonal  cuts,  corresponding  to  the  strip 
cut  widths  of  24  and  32  meters  in  the  radar  looking  directions. 
AIRSAR  data  shows  6  pixels  between  peaks  for  diagonal  cuts. 
Undisturbed  forests  and  strip  cuts  along  the  range  direction 
show  a  rational  quadratic  semivariogram. 


SUMMARY 

Both  simulated  and  AIRSAR  images  show  spatial  patterns 
related  to  different  strip  cuts.  AIRSAR  images  were  found  to 
have  similar  spatial  features  as  simulated  images  at  similar 
pixel  spacing. 

Questions  of  scale  in  spatial  statistics  combine  both  the  issues 
of  level  of  aggregation  of  the  observations  and  the  extent  of 
the  observations.  If  the  data  behave  in  a  self-similar  way 
across  a  number  of  scales,  such  as  fractals,  parameters 
estimated  at  one  scale  are  relevant  to  inference  for  the  process 
at  a  smaller,  unobserved  scale.  Simulated  images  at  various 
pixel  spacing  can  be  used  to  investigate  this  capability  and  aid 
image  interpretation. 
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►  ILLUMINATION 


a)  1-m  pixel  b)  8-m  pixel 


Fig.  2.  Simulated  SAR  images:  up-left  -  undisturbed; 
up-right  -  diagonal  cuts,  low-left  -  parallel  cuts, 
low-right  -  perpendicular  cuts. 


Fig.  3.  Variograms  of  simulated  and  AIRSAR  images 
for  uncut  forest  and  strip  cuts  of  different  orientations 
relative  to  the  radar  beam. 
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Abstract:  Using  physical  observations  from  the  satellite  imagery 
and  the  meteorological  information  a  Knowledge  Based  Weather 
Information  processing  and  forecasting  System  (KBAVIS)  is 
designed.  The  characteristic  features  extracted  from  the  weather 
images  are  used  to  represent  various  weather  patterns.  The 
system  is  statistically  trained  to  characterize,  interpret,  and 
forecast  weather  patterns.  The  system  proposed  is  a  composite 
of  five  components,  namely;  Image  Acquisition,  Image  Pre¬ 
processing  and  Enhancement,  Feature  Extraction  and  Selection, 
Weather  Knowledge  Base,  and  Weather  INference  Engine 
(WINE).  Complete  architecture  of  the  KBAVIS  ^stem  including 
its  aj^Ucation  and  algorithms  is  described. 

INTRODUCTION 

Acted  on  by  the  combined  effects  of  earth’s  motions  and  the 
energy  exchanges  that  continually  occur  between  the  atmosphere 
and  the  earth’s  surfece  and  between  the  atmosphere  and  space, 
our  planet’s  formless  and  invisitde  envelope  of  air  reacts  by 
producing  an  infinite  variety  of  weather  patterns.  The  methods 
available  for  weather  mformation  processing  and  forecasting  can 
be  roughly  grouped  into  five  approaches:  analog,  synoptic, 
numerical,  statistical,  and  time-based  (tynatnic  forecasting 
methods.  These  methods  can  be  used  for  various  short-range  to 
long-range  weather  forecasting  [1], 

Analog  approaches  match  current  conditions  with  records  of 
similar  past  weather  events  with  the  idea  that  the  succession  of 
events  in  the  past  will  be  paralleled  ly  current  conditions. 
Synoptic  methods  are  based  on  carefiil  studies  of  the  historic 
(synoptic)  weather  charts  over  a  period  of  years,  from  which  a 
set  of  empirical  rules  are  established  to  forecast.  Numerical 
methods  use  mathematical  models  to  predict  the  evolution  of 
physical  processes  in  the  atmosphere  by  the  determinations  of 
the  conservation  of  mass,  energy  and  momentum.  The  recent 
such  techniques  employ  multi-level  baroclinic  models  and 
include  variables  pertaining  to  pressure,  wind  directions  and 
temperature  as  primary  weather  characteristics  whereas  the 
fronts  are  regarded  as  secondary  features.  Thanks  to  fast  compu¬ 
ters  and  large  vector  processors,  vast  amounts  of  computations 
which  these  models  require  has  become  possible  to  allow  the 
preparation  of  a  forecast  map  sufficiently  ahead  of  the  weather 
changes.  Statistical  techniques  are  now  used  to  predict  actual 
weather  conditions.  One  such  technique  is  Model  Output  Statis¬ 
tics  (MOS)  developed  bty  the  US  National  Weather  Service.  To 
predict  for  specific  locations  between  the  variables  of  interest  a 
series  of  regression  models  are  also  developed  [1].  Weather 
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elements  so  predicted  include  daily  maximum/minimum  temp¬ 
erature,  12-hour  probability  of  precipitation  of  occurrences  and 
precipitation  amount,  probabihty  of  frozen  precipitation,  thun¬ 
derstorm  occurrence,  cloud  cover,  surface  winds,  etc.  Dynamic 
methods  are  being  attem^Xed  at  various  weather  centers  using 
longer  integrations  of  medimn-range  models  [1].  It  should  be, 
however,  noted  that  the  object  of  weather  forecasting  is  not  only 
to  project  the  location  and  possible  intensification  of  existing 
pressure  system,  but  also  to  identify  probable  sites  for  the 
formation  of  the  storm  or  severe  weather  centers. 

The  weather  information  processing  procedures  discussed 
above  require  human  operator  for  interpretation  and  characteri¬ 
zation  which  is  cumbersome,  labor-intensive  and  inefficient 
process.  These  methods  often  lead  to  inaccurate  results.  Though 
computer  assisted  forecasting  using  advanced  mathematical 
models  for  the  analysis  of  data  has  made  greater  strides, 
real-world  weather  situations  often  defy  such  modeling.  Other 
advanced  methods,  such  as  pattern  recognition  and  image/signal 
processing  combined  with  the  skill  and  experience  of  human 
offer  solutions  to  a  large  range  of  problems  with  much  less 
investment  of  highly  skilled  personal  and  expensive  computing 
resoiffces  [2].  Additionally,  the  solutions  provided  by  such 
systems  will  be  more  reliable  and  robust  as  compared  to  their 
human  counteipart  or  semi  automated  systems  which  must  be 
operated  by  the  trained  personnel.  Using  a  PC-based  environ¬ 
ment  we  developed  knowledge  based  pattern  recognition 
methods  to  model  the  weather  patterns.  Using  these  patterns  the 
system  learns  to  interpret  and  forecast  the  weather.  The  weather 
features  from  their  maps  (images)  are  automatically  extracted  to 
uniquely  define  different  weather  patterns. 

OVERALL  SYSTEM  DESIGN 

The  KBAVIS  system  is  a  composite  of  five  components  (see 
Fig.  1,  Fig.  2).  1)  Data  acquisition  subsystem  (DAS)  performs 
three  functions;  data  acquisition,  data  mapping  and  caUbration, 
and  image  formation.  It  provides  tools  for  image  and 
multispectral  data  acquisition  in  various  satelhte  formats 
including  TIROS,  DMSP,  GOES,  GMS,  and  METEOSAT.  It 
also  includes  the  modules  for  low  level  smoothing  and  quafity 
enhancement.  A  GUI-based  user-interfece  helps  user  to  acquire, 
display,  and  edit  images/spectra  and  clean  them  as  desir^  2) 
Image  Preprocessing  and  Enhancement  subsystem  (IP/ES) 
performs  data  ingest,  conditioning,  editing,  and  correction  (noise 
elimination  and  enhancement  to  improve  image  to  noise  ratio; 
smoothing;  rectification  of  atmospheric  effects  and  radiometric/ 
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geometric  distortion;  correction  for  skew,  scan  time,  orientation, 
and  registration;  normalization,  etc.).  Several  routines  to  over¬ 
lay,  zoom,  scale,  rotate  and  loop  (with  direction  controls)  images 
providing  hinctions  for  color/hue  controls,  resolution/  brightness 
controls,  etc.,  are  available.  High-level  image  p-ocessing  and 
manipulation  modules  for  both  the  point  (pixel)  operations  and 
vector  operations  are  developed  to  aid  feature  extraction.  These 
modules  are  used  to  automatically  process  the  image  to  correctly 
detect  and  dehneate  the  desirable  regions  (clouds,  image 
foregrotmd/background,  objects,  geophysical  boundaries,  etc.) 
and  other  components  of  interest  in  digital  images  of  weather 
maps:  temperature,  pressure,  and  moisture.  Functions  for  image/ 
region  thresholding  of  grayscale;  region  growing/elimination; 
grayscale  histogram  construction;  and  regional  enhancements 
using  histogram  equalization,  edge  detection,  and  filtering  are 
also  provided.  These  method  adopted  from  [3].  3)  Feature 
Extraction  and  Selection:  This  module  constitutes  a  set  of 
algorithms  to  extract  the  features  fi'om  various  image  regions. 
The  munber  of  features  extracted  be  too  many  to  warrant 
efficient  classification.  Feature  optimization  modules  to  analyze 
and  synthesize  the  extracted  information  are  also  developed  [4]. 
This  analysis  determines  the  information  contents  each  feature 
carries.  The  objective  is  to  determine  the  most  optimal 
parameters  that  could  possibly  be  used  for  automatic 
classification  of  weather  patterns.  Using  the  optimal  features 
each  weather  pattern  is  represented  through  a  vector  of  selected 
features.  Using  clustering  algorithms  and  discriminant  analysis 
[5]  visual  tools  are  developed  to  allow  the  user  to  perform 
subjective  analysis  of  features.  4)  Weather  Knowledge  Base 
(WKB):  Using  the  selected  features  a  set  of  samples  describing 
three  pattern  classes  representing  three  major  factors,  i.e.,  wind, 
cloud,  and  water  which  contribute  most  to  weather  formation  are 
constracted.  These  weather  patterns  are  used  as  reference 
patterns  and  are  stored  in  the  knowledge  base  WKB.  Additional 
meteorological  knowledge  in  the  form  of  rules  that  a  meteorolo¬ 
gist  may  apply  in  identifying  the  weather  patterns  is  also  stored 
in  WKB.  For  efficient  retrieval  and  p-ocessing  the  knowledge 
base  is  organized  as  a  tree  of  associated  weather  patterns  (TAP). 
Stractural  poximily  among  weather  patterns  is  used  to  deter¬ 
mine  the  association  between  weather  classes.  This  organization 
help  in  classifying  a  large  set  of  weather  classes  using  their  own 
features  without  sacrificing  the  performance.  In  addition,  the 
user  will  be  able  to  analyze  all  weather  pttems  affecting  a 
region  as  a  hierarchy  of  candidate  weather  classes.  5)  Weather 
INference  Engine  (WINE):  Using  the  concep  learning 
algorithm  [5]  WINE  is  trained  to  interpet  the  reference  weather 
patterns  which  were  organized  as  TAP.  A  set  of  pattern  recogni¬ 
tion  algorithms  [5]  which  use  the  optimal  features,  classify  and 
discriminate  weather  patterns,  determine  their  identity,  and 
hence  interpet  the  oncoming  weather.  WINE  automatically 
suggests  a  very  small  but  definitive  set  of  possible  solutions 
along  with  level  of  confidence  attached  to  each  alternative. 


METHODOLOGY  AND  PROCEDURES 


To  demonstrate  the  potential  of  the  KB/WIS  pesently  a  minimal 
subset  of  the  system  design  was  adoped.  The  methodology 
specifically  used  is  described  in  this  section.  The  DAS  ^stem 
reads  the  satellite  data.  Since  the  data  fi^om  various  satelhtes  is 
received  fi'om  5/6  channels,  it  was  mapped  and  cahbrated.  To 
create  the  multispectral  weather  images,  the  channels  were 
scaled  to  one  another.  For  example,  to  create  a  visible  image 
fi'om  the  TIROS  two  visible  channels  were  cahbrated  so  that  for 
a  particular  pixel  value  (0-255  grayvalues),  albedo  values  are  the 
same.  The  DMSP  data  was  inverted  to  occupy  the  same  cfynamic 
range  as  the  visible  data.  The  (jOES  infiared  data  was  replicated 
to  the  equivalent  visible  resolution  being  input.  The  image 
formation  is  performed  using  histogram  scaling  which  creates  a 
colored  visual  image  (RBG).  To  construct  an  unage  in  the  ■visual 
bands,  for  each  pixel  value  two  intensities  (gun  values)  were 
evaluated.  The  gun  values  were  computed  based  on  the 
respective  input  image  biases  with  respect  to  relative  pixel  values 
of  both  input  images.  The  IP/ES  prforms  histogram  equah- 
zation  to  smooth  and  enhance  the  quahty  of  the  image  displays. 

Feature  extraction  is  performed  first  by  segmenting  the  image. 
The  rules  for  segmentation  are  described  in  terms  of  HSl  (hue, 
saturation,  intensity)  color  space  [3]  lyf  transforming  fi'om  the 
RGB  (Red,  Green,  Blue)  color  space,  The  intensity  is  described 
as,  I  =  R  +  G  +  B,  hue  is  described  as. 


and  the  saturation  is  described  as, 

S  =  [l-3Min  (r,g,b)/(r+g-H))] 

where,  Min  ()  is  a  fimction  which  selects  the  minimum  of  r,g, 
and  b;  and  r,  g,  and  b  are  defined  as 


B 

I 


and  9  is  given  by. 


For  different  satellites  different  bands  were  considered  as  R,  G, 
and  B.  The  RGB  data  for  corresponding  bands  of  respective 
satellites  was  transformed  into  HSI  space.  The  advantages  of 
dealing  with  data  in  HSI  space  is  that  it  compensates  for  the 
(fynamic  range  fluctuations  of  the  scanned  data  and  that  it  is 
useful  for  describing  rules  to  extract  objects  fi'om  image  data. 
Once  the  image  is  transformed,  the  components  carrying 
weather  information  are  extracted. 

For  example,  compared  to  the  resolution  of  images  from  the 
individual  satellites,  the  areas  covering  large  water  regions  will 
be  large.  Selecting  the  band  that  transmits  the  most  of  the  water 
related  information,  simple  thresholding  at  some  intensity  of  the 
selected  band  can  detect  the  water  regions.  However,  because  of 
the  HSI  space,  the  rfynamic  range  fluctuations  of  scatmed  data 
did  not  affect  the  water  regions  identification. 
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Weather  Modeling:  Since  weather  varies  with  time  and 
location,  weather  forecasting  and  effects  analysis  must  be 
constantly  reappraised  to  retain  its  usefidness.  To  describe  a 
weather  model  several  parameters  with  associated  level  of  confi¬ 
dence  in  5  component  areas  were  selected.  These  include,  1) 
meteorological  event  to  be  forecasted,  2)  climate,  3)  current 
groimd  truth,  4)  the  size  of  the  forecast  region,  5)  the  lead  time 
and  forecast  period. 

Major  meteorological  parameters  are  based  on  atmospheric  and 
oceanographic  observations  (see  Table  I).  In  addition  geogra¬ 
phic,  solar,  geophysical  and  terrestrial  parameters  such  as 
latitude/longitude,  topographic/terrain  data,  etc.,  also  play 
important  role.  The  model,  however,  shoidd  be  adjusted  to  the 
regional  characteristics. 

Considering  above  parameters  as  weather  characterizing 
features  each  experimental  weather  class,  i.e.,  water,  land,  and 
cloud  was  represented  as  a  vector  of  selected  features.  To 
determine  the  potential  of  the  i^stem  the  inference  engine, 
WINE  was  trained  on  minimum  distance  classifier  using 
MahalanoWs  distance.  WINE  correctly  recognized  all  three 
pattern  classes. 

DISCUSSION  AND  CONCLUSION 

A  weather  image  analysis,  and  interpretation  system  is  designed. 
Prelimiiuuy  result  in  correctly  recognizing  the  major  classes  of 
water,  land  and  cloud  show  the  potential  of  the  system.  Upon 
completion,  the  system  will  implement  flrll  scale  computer- 
enhwced  decision  making  using  methods  fi'om  image/spectral 
processing,  pattern  recognition,  statistical  decision  theory,  and 
knowledge  engmeering.  The  ^stem  increases  the  reliability, 
accuracy  and  consistency  of  identification  and  interpretation  of 
weather  images.  Many  benefits  of  this  system  can  be  mentioned 
including;  1)  Accurate  image  acquisition,  ingest,  storage,  and 
dissemination  of  data  using  a  smaller  set  of  the  most  represen¬ 
tative  features.  2)  Provide  rapid  and  robust  data  processing.  3) 
Presents  a  comprehensive,  yet  user-fiiendly,  hybrid  decision¬ 
making  ^cility  combining  meteorologist's  expertise  and  exhaus¬ 
tive  computer  synthesis  of  i%sical  observations.  The  design  of 
the  system  is  highly  modular  and  application  independent  and 
enhancements  to  the  KB/WIS  system  will  be  possible.  In 
addition  the  system  will  be  able  to  adapt  to  other  weather 
processing  applications  e.g.,  identification  of  geographical 
locations;  vegetation/crop  analysis  and  estimation;  object 
spotting;  monitoring  of  environmental  events  processing  and 
interpretation;  (fynamic  object  tracking  and  classification,  etc., 
may  be  investigated  in  future. 
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Table  I 


Atmospheric 

Oceanographic 

Moisture:  precipitation  (type, 
rate),  regional  thresholds,  esti¬ 
mates,  humidity,  dew  point, 
variations 

sea  surface:  topology,  waves, 
vertical  profile,  salinity,  near/  off 
shore  currents,  tides,  color,  bio¬ 
luminescence 

Clouds:  type,  overage,  ceiling, 
visibihty 

sea  ice  :cover,  thickness,  iceberg 

Pressure:  profile,  variations 

bathymetry 

Temperature:  vertical  profile, 
heat  flux ,  location  values 

Temperature:  vertical  profile 

Winds:  gust,  sand/dust, 

aerosols,  insulation 

turbidity 

Albedo 

Severe  Weather  parameters 

Climatic  values  for  above 

Fig.  1:  Conceptual  Structure  of  KBAVIS 


Fig.  2:  Functional  Design  of  KBAVIS 
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INTRODUCTION 

Statistically  accurate  weather  projections  have  strategic 
implications  for  a  broad  cross  section  of  worldwide  consum¬ 
ers,  including  military  and  commercial  institutions.  Current 
weather-prediction  algorithms  depend  on  accurately  collect¬ 
ing,  testing,  and  storing  a  wide  variety  of  weather  data  from 
more  than  5,000  stations  located  throughout  the  world.  Sev¬ 
eral  commercial  programs  have  been  developed  to  collect 
and  sample  the  variety  of  input  data  streams  (airways,  syn¬ 
optic,  metar,  and  plain-language  bulletins)  and  then  parse 
(place)  the  data  into  a  series  of  fields,  usually  in  a  text  file 
format,  which  limits  the  ability  to  reorganize  and  further 
manipulate  the  data.  While  these  programs  typically  read  the 
input  stream  and  parse  the  data  according  to  a  predetermined 
format,  they  lack  the  robustness  of  a  relational  database. 
Also,  because  many  of  the  data  streams  are  sent  via  satellite 
to  a  distant  location  for  processing,  sunspot  and  other  noise 
sources  influence  data  transmission  and  present  a  potential 
threat  to  the  consistency  of  the  data.  Therefore,  we  developed 
a  C/C++  data-stream  identification  and  parsing  program  that 
is  coupled  with  and  integrated  into  a  relational  database  pro¬ 
gram  for  further  sorting,  testing,  analysis,  and  reorganiza¬ 
tion  of  the  data. 

Algorithms  such  as  the  Krick  predication  algorithms, 
based  on  local  daily  temperature  and  precipitation  parame¬ 
ters  and  on  weekly  mean  temperature  and  precipitation,  have 
been  used  since  D-Day  in  World  War  II.  In  general,  the 
prediction  algorithms  we  examined  depend  on  the  accurate 
identification  of  various  temperature  and  precipitation  pa¬ 
rameters  for  specific  stations.  Thus,  to  be  useful,  the  database 
program  needed  to  correctly  test  and  analyze  the  parsed  data 
on  a  station-by-station  basis.  We  developed  a  C/C++  data- 
stream  identification  and  switching  program  that  correctly 
selects  the  proper  data  stream  (e.g.,  airways)  and  parses  the 
data  into  the  series  of  fields  required  for  the  corresponding 
prediction  criteria.  The  C/C++  front-end  program  is  inte¬ 
grated  into  a  Microsoft  Access  database  program  to  store, 
sort,  test,  analyze,  and  further  process  the  data  and  then 
provide  the  optimum  results  for  a  particular  station.  Increas¬ 
ingly  precise  quality-control  checks  and  protocols  were  de¬ 
signed  and  programmed  into  the  Access  portion  to  identify 
and  eliminate  questionable  data.  The  flow  chart  (Fig.  1) 
shows  the  general  flow  of  information  within  the  combined 


program.  When  fully  implemented,  the  total  program  pro¬ 
vides  an  essentially  unattended  data-processing  function, 
which  could  be  used  to  eliminate  the  numerous  transcription 
and  other  errors  that  typically  occur  when  various  prediction 
algorithms  are  implemented  manually. 

METHODS  AND  MATERIALS 

The  C/C++  portion  of  the  program  was  initially  developed 
using  Microsoft  (MS)  C  v7.0  and  Visual  C++  vl.O.  Further 
refinements  were  programmed  in  Visual  C++  vL5,  vl.52, 
and  v4.0.  The  database  portions  were  programmed  using  MS 
Access  vl.O  and  MS  Visual  Basic  v3.0.  The  initial  work  was 
coded  on  IBM-compatible  80486  clones,  which,  over  the 
development  cycle,  included  DX-50,  DX2-66,  DX4-100  and 
DX4-120  CPUs.  The  programs  have  also  been  run  on  a  se¬ 
ries  of  Pentium  CPUs,  varying  in  speed  from  75  MHz  to  133 
MHz.  We  are  currently  modifying  the  programs  to  Windows 
95  using  MS  Access  for  Windows  95,  which  includes 
changing  the  compilation  of  the  C/C++  program  from  16 
bits  to  32  bits.  The  programs  have  been  tested  on  a  variety  of 
networks,  including  Novell  NetWare  v3.11,  MS  Windows 
for  Workgroups  v3, 1 1,  Windows  95,  and  Windows  NT. 

DISCUSSION 

Because  the  actual  date  and  time  information  embedded  in 
the  data  stream  is  removed  for  airways,  synoptic,  and  metar 
data  when  sent  via  various  satellite  processing  programs,  an 
unambiguous  date  and  time  stamp  must  be  re-encoded  onto 
the  data  stream.  Since  the  data  we  used  in  the  predication 
algorithms  were  in  “remote  local  time,”  the  potential  pitfalls 
of  converting  GMT  (Zulu)  time  to  remote  local  time  needed 
careful  consideration.  Ultimately,  we  used  32-bit  CRC  tables 
to  track  date-  and  time-stamp  integrity. 

Both  human  error  in  the  preparation  of  the  data  stream  for 
transmission  and  subtle  changes  in  the  progranuning  of  the 
data  stream  format  cause  deviations  from  the  expected  or 
nominal  data  format.  Dealing  with  these  contingencies  re¬ 
quires  both  identifying  the  deviation  and  developing  a  more 
robust  program  to  deal  with  the  enormous  number  of  poten¬ 
tial  errors.  As  an  example,  we  cite  the  “SFO  anomaly,” 
where,  following  an  insubstantial  airways  code  change,  SFO 
began  reporting  the  minimum  temperature  as  ...NN/  instead 
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of  ..,NN.  Since  the  program  was  not  designed  to  decode 
minimum  temperature  strings  ending  in  a  none  of  the 
reported  minimum  temperatures  for  SFO  were  captured  until 
this  deviation  in  format  was  corrected. 

Random  sunspot  or  other  noise  in  the  incoming  satellite 
data  stream  was  the  source  of  lost  data  until  the  C/C++  pro¬ 
gram  could  be  made  sufficiently  robust  to  bypass  the 
“garbage”  and  pass  only  data  that  matched  the  correct  for¬ 
mat.  The  import  data  format  restrictions  inherent  in  the  se¬ 
lected  database  program  drive  this  consideration. 

Because  of  the  extended  data  buffers  found  in  the  pro¬ 
grams  used  to  process  and  store  the  incoming  satellite  data, 
the  possibility  of  substantial  duplication  was  addressed.  We 
designed  the  database  portion  of  the  program  with  a  series  of 
queries  to  eliminate  these  duplicate  data.  The  CRC  updates 
that  occur  when  the  initial  date  and  time  stamping  is  per¬ 
formed  in  the  C/C++  front-end  also  help  to  alleviate  dupli¬ 
cation. 

The  testing  and  analyzing,  or  quality  control,  portions  of 
the  database  program  include  evaluating  a  variety  of  tem¬ 
perature  fluctuations  by  identifying  the  temperature  varia¬ 
tions  at  a  given  station  during  successive  hours.  This  pre¬ 
sented  a  major  programming  obstacle,  since  at  this  point  in 
the  program  the  data  resided  in  a  series  of  database  tables, 
not  in  ASCII  text  files,  and  thus  were  not  amenable  to  con¬ 
ventional  programming  techniques.  This  problem  was  finally 
resolved  by  an  extensive  series  of  queries  and  unique  varia¬ 
tions  in  the  use  of  data  access  objects  (DAO).  This  particular 
difficulty  is  inherent  in  the  approach  we  chose  to  process  the 
data  (i.e.,  a  relational  database  for  the  testing  and  analyzing 
portions  of  the  program)  and  might  be  better  addressed  in 
the  C/C++  front-end  in  later  modifications. 

Plain-language  bulletins  pose  a  series  of  difficulties  in 
programming  because  the  potential  for  variation  from  the 
prescribed  format  is  always  present.  We  had  to  refine  the 
programs  that  parse  the  plain-language  bulletins  many  times 
as  we  became  painfully  aware  of  subtle  and  random  varia¬ 
tions  in  the  format  of  a  particular  bulletin.  These  changes 
negated  the  use  of  traditional  programming  constructs,  since 
many  of  the  record  elements  vary  in  length  by  as  few  as  one 
and  as  many  as  60  characters  in  one  report  to  the  next.  We 
ultimately  dealt  with  this  problem  using  a  “brute  force”  ap¬ 
proach,  in  that  we  finally  wound  up  using  a  large  (and  ever 
increasing)  number  of  “select  case”  structures.  Also,  because 
some  plain-language  bulletins  reverse  the  position  of  re¬ 
quired  parameters  in  the  AM  and  PM  reports,  a  number  of 
select-case  structures  were  again  required  to  parse  the  data 
successfully.  We  found  it  essential  that  the  programs  used  to 


parse  and  process  plain-language  bulletins  be  extremely  ro¬ 
bust. 

While  obvious  to  the  experienced  meteorologist,  unit  con¬ 
sistency  was  a  problem  when  we  ultimately  attempted  to  ob¬ 
tain  the  best  data  for  a  specific  station.  Since  the  ainvays  and 
plain-language  bulletins  are  typically  in  inch/degree  Fahren¬ 
heit  units  and  metar  and  synoptic  data  in  meter/degree  Cel¬ 
sius  units,  the  potential  for  incorrectly  converted  units  was 
always  present. 

Since  the  potential  users  of  our  program  are  typically  me¬ 
teorologists  or  support  personnel,  who  may  not  yet  be  com¬ 
puter  literate,  the  user  interface  needed  to  be  simple  and  in¬ 
tuitive.  As  a  significant  element  of  our  database  program,  we 
designed  what  we  think  is  an  extremely  intuitive  user  inter¬ 
face.  The  operator  is  guided  through  the  steps  via  the  meta¬ 
phor  of  pushing  a  series  of  buttons  that  perform  one  or  a 
series  of  functions  (running  programs,  opening  queries,  etc.) 
without  further  involvement.  A  series  of  timers,  available  in 
MS  Access  Basic  or  Visual  Basic,  were  programmed  to  per¬ 
form  the  various  program  steps  repetitively  on  an  unattended 
basis. 

Finally,  the  database  portion  of  the  program  was  designed 
to  provide  a  variety  of  output  formats.  This  was  essential  if 
the  final  data  were  to  undergo  further  specific,  perhaps  pro¬ 
prietary,  tests  or  be  further  prepared  for  data  warehousing. 

Although  the  various  quality-control  protocols  devised  and 
programmed  to  tesi  and  analyze  the  data  increase  data  reli¬ 
ability,  an  experienced  meteorologist  should  review  all  the 
processed  data,  since  no  computer  program  can  currently 
eliminate  every  potential  pitfall  in  all  possible  cases. 

CONCLUSION 

We  have  developed  a  computer  program  that  can  identify 
a  specific  incoming  satellite  data  stream;  restore  the  date  and 
time  stamp;  select  the  correct  parsing  algorithm;  parse  the 
data;  import  the  data  into  a  relational  database;  sort,  test, 
analyze,  and  manipulate  the  data  according  to  a  predeter¬ 
mined  weather-prediction  algorithm;  and,  finally,  format  the 
data  for  further  processing  or  for  data  warehousing. 
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Fig.  1.  Generalized  data  flow  in  combined  C/C-H-  and  Access  database  program 
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Abstract 

An  efficient  and  robust  neural  network-based 
scheme  is  introduced  in  this  paper  to  perform  automatic 
cloud  detection  and  classification.  An  unsupervised  Kohonen 
neural  netM^ork  was  used  to  classify  the  cloud  contents  of  a 
8x8  blocks  in  an  image  into  ten  different  cloud  classes.  Inputs 
to  the  network  consisted  of  textural  features  of  each  block 
obtained  using  an  efficient  feature  extraction  scheme  namely 
(he  Wavelet  Transform  (WT).  This  scheme  not  only  reduces 
the  dimensionality  of  the  data  but  also  extracts  useful 
features  of  the  data.  To  improve  the  detection  rate  and  reduce 
the  false  positive  rate,  especially  for  lozv  clouds  and  thin  high 
clouds,  a  multi-channel  fusion  system  was  constructed  to 
conibine  the  results  of  different  optical  bands.  An  alternative 
approach  for  automatic  cloud  detection/  classification  based 
on  multi-spectral  features  was  also  studied  to  analyze  and 
compare  the  effectiveness  of  multi-spectral-based  scheme  vs 
textural-based,  scheme.  The  results  using  high  resolution 
GOES  8  data  show  the  promise  of  the  Kohonen  neural 
network  when  used  in  conjunction  with  WT  as  feature 
extractor  for  cloud  detection/  classification. 

I.  Introduction 

Highly  efficient  and  robust  cloud  detection/  classification 
schemes  are  needed  for  automatic  processing  of  the  huge 
amount  of  satellite  cloud  imagery  data  (over  25  GB/day  from, 
each  GOES  satellite).  In  recent  years,  considerable  research 
has  been  focused  on  this  area  resulting  in  the  development  of 
two  major  classes  of  cloud  detection/  classification  methods: 
spectral-based  and  textural-based  algorithms.  The  first  class 
utilizes  the  information  on  the  cloud  radiances  in  different 
spectral  bands.  Some  of  the  most  commonly  used  methods  in 
this  category  include  threshold-based  techniques  and 
clustering  approach.  The  second  category  uses  textural-based 
methods  to  classify  the  data  based  on  the  characteristics  of 
spatial  distribution  of  gray  levels  corresponding  to  a 
region/block  within  the  image.  Most  of  the  textural-based 
cloud  detection/  classification  methods,  in  the  past  used 
statistical  measures  to  characterize  the  textural  features  such 
as  Gray-level  Co-occurrence  Matrix  (GLCM),  Gray-level 
Difference  Matrix  (GLDM),  Gray-level  Difference  Vector 
(GLDV)  and  Sum  And  Difference  Histogram  (SADH)  [1], 


[2].  Recently,  new  emerging  texture  analysis  schemes  such  as 
the  Gabor  Transform  and  the  Wavelet  Transform  [4]  have 
been  developed  which  not  only  extract  the  salient  features  of 
the  data  efficiently  but  also  reduce  the  dimensionality  of  the 
data  to  a  manageable  size. 

The  application  of  neural  networks  to  cloud  detection/ 
classification  problems  has  been  proved  to  be  very  effective. 
Owing  to  the  fact  that  the  characteristics  of  clouds  are  highly 
variable  and  difficult  to  classify  using  the  traditional 
approaches,  neural  network  classifiers  through  their  adaptive 
learning  nature  offer  attractive  and  computationally  very 
efficient  alternatives.  Various  feature  extraction  methods 
have  been  used  in  the  past  with  different  neural  network 
paradigms  [5]-[7].  The  supervised  back-propagation  network 
is  probably  the  most  widely  used  paradigm  [5],  [6]  even 
though  for  these  networks  the  detection/  classification  relies 
on  the  availability  of  ground  truth.  However,  in  most  of  the 
situations  the  ground  truth  may  not  be  available. 
Consequently,  an  unsupervised  Kohonen  neural  network- 
based  system  is  more  appropriate  for  this  problem. 

The  proposed  cloud  processing  approach  consists  of 
several  stages.  Wavelet  transform  is  first  applied  to  the 
blocks  of  images  to  extract  textural,  intensity  and  shape 
dependent  features  of  the  cloud  image  data.  Once  the 
appropriate  features  are  extracted,  detection/  classification  for 
each  data  block  is  done  using  an  unsupervised  Kohonen 
neural  network  [8]  which  performs  mapping  of  these  features 
into  one  of  the  different  possible  categories  or  classes.  The 
network  is  trained  on  both  the  visible  and  IR  data.  Detection/ 
classification  tasks  are  performed  separately  for  each  type  of 
data.  The  final  decision  for  cloud  typing  is  then  made  by 
fusing  the  results  of  these  channels.  An  alternative  approach 
using  spectral-based  features  is  also  proposed.  The  results  on 
actual  GOES  8  satellite  data  are  presented. 

II.  Detection/  Classification  Based  on  Textural  Features 

The  cloud  data  analyzed  in  this  study  was  obtained  from 
the  GOES  8  satellite  that  carries  a  five  channel  sensor.  This 
study  was  carried  out  exploiting  the  data  of  two  channels 
namely  channel  1  (visible)  and  channel  4  (IR).  Images  shown 
in  Figures  1(a),  1(b)  chosen  for  this  study  were  acquired  on 
May  1,  1995  at  16:45  UTC  using  these  channels.  These 
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images  with  spatial  resolution  of  512x512  pixels  cover  mid¬ 
west  and  most  of  the  eastern  part  of  the  US  extending  from 
the  Rocky  Mountains  to  the  Atlantic  coast.  This  scene  is  of 
particular  interest  because  of  the  presence  of  a  variety  of 
cloud  types  especially  thin  cirrus  in  the  left  middle  part,  high 
cirrus  in  the  right  middle  part  and  stratoform  and  cumuloform 
clouds  in  the  center  part  and  over  the  water. 

The  feature  extraction  scheme  using  WT  was  applied  to 
these  images.  Images  were  divided  into  small  blocks  of  size 
8x8  (32km  x  32km)  in  order  to  extract  the  ”  local”  textural 
features  within  each  block.  A  two-level  wavelet 
decomposition  was  carried  out  on  each  data  block  using  a  16- 
tap  Daubechies  filter  [3].  In  this  hierarchy,  a  two-level 
decomposition  resulted  in  7  sub-images.  The  total  number  of 
coefficients  in  all  decomposition  levels  is  exactly  equal  to  the 
number  of  pixels  in  an  original  image  (e.g  64  for  a  block  of 
size  8x8).  In  order  to  reduce  the  dimensionality  for  efficient 
neural  network  training  and  to  pick  the  best  wavelet 
coefficients,  energy  and  entropy  measures  corresponding  to 
each  wavelet  sub-image  were  calculated.  It  was  found  that 
substantial  amount  of  energy/entropy  was  packed  only  in  the 
second  level  low-pass  approximation  sub-images.  Due  to 
down  sampling  at  each  decomposition  level,  the  size  of  each 
block  is  reduced  by  a  factor  of  four.  As  a  result,  at  level  two 
there  are  only  4  coefficients  in  the  low-pass  approximation 
sub-image.  These  were  used  for  training  and  testing  of  the 
neural  network  detector/  classifier. 

Features  corresponding  to  different  blocks  were  studied  by 
applying  them  to  an  unsupervised  Kohonen  neural  network 
[8]  which  performs  automatic  detection/  classification  of  the 
feature  sets.  Ten  output  neurons  were  specified  for  this 
detection/  classification  problem  in  order  to  accommodate  all 
possible  cloud  types.  The  network  was  trained  using  one-fifth 
of  the  total  number  of  blocks  of  the  image  taken  randomly 
from  the  original  image.  After  training  is  completed,  each 
weight  vector  represents  the  centroid  of  a  particular  decision 
region  created  in  the  space  of  pattern  data.  Once  the  clusters 
were  established,  the  network  was  tested  on  the  whole  image. 
The  goal  of  this  testing  process  was  to  discriminate  the  input 
into  ten  distinct  pre-specified  number  of  classes. 

After  processing  the  visible  and  IR  data  separately,  the 
resultant  images  both  for  IR  and  visible  data  were  fused 
together  using  a  simple  OR  operation  in  order  to  reduce  the 
amount  of  misdetection  and  false  positive.  The  results  in 
Figure  2  show  the  fused  image  in  which  the  blocks  detected 
as  cloud  in  both  channels  are  kept.  The  cloud  areas  which  are 
misdetected  in  the  visible  case  or  in  IR  case  alone  are  now 
detected  using  combined  channels. 

To  explore  the  behavior  of  the  individual  outputs  of  the 
classifier,  the  information  carried  by  each  of  the  output  units 
was  studied.  The  color  coded  images  are  formed  by  assigning 
a  fixed  color  to  all  the  blocks  classified  by  each  output  unit. 
The  classification  results  corresponding  to  the  ten  output 
classes  both  for  the  visible  and  the  IR  cases  are  indicated  by 


the  different  colors/  grey-levels  in  Figures  3(a),  (b), 
respectively.  It  is  clear  from  these  results  that  the  network 
was  successful  in  classifying  the  cloud  data  into  different 
classes.  In  the  visible  case,  the  network  had  little  success  in 
discriminating  the  low  clouds  over  the  water  and  the  land 
except  at  the  tip  of  Florida.  For  the  IR  case,  the  network  did 
not  have  any  problem  in  discriminating  between  the  water, 
low-clouds  over  the  water  and  land  which  is  different  from 
the  spectral-based  threshold  technique  in  which  it  is  difficult 
to  distinguish  low  clouds  in  the  IR  as  compared  to  distinguish 
them  in  the  visible  channel.  In  this  case,  the  low  stratoform 
clouds  over  the  land  in  the  middle  of  the  image  were  also 
well  differentiated  from  other  low-clouds  within  the  same 
scene.  The  thin  cirrus  on  the  left  middle  part  and  high  cirrus 
on  the  right  middle  part  of  the  image  were  easily  categorized. 

III.  Cloud  Detection/  Classification  Based  on  Multi- 
Spectral  Features 

In  this  group,  another  approach  for  automatic  cloud 
detection/ classification  based  on  multi-spectral  features  in  all 
the  five  channels  was  studied.  This  study  was  designed  to 
examine  the  effectiveness  of  multi-spectral  feature-based 
scheme  for  cloud  analysis  in  contrast  to  the  textural-based 
method.  In  this  analysis,  multi-spectral  features  are  used  to 
perform  the  classification  of  the  clouds.  Using  an 
unsupervised  neural  network,  the  five  channel  data  are 
incorporated  to  form  one  image  with  substantially  smaller 
grey  level  resolution  while  keeping  the  global  textural 
features  unchanged.  Each  grey  level  in  the  generated  image 
shows  a  different  cloud  class.  An  unsupervised  Kohonen 
neural  network  was  used  as  a  classifier  with  input  vector 
consisting  of  five  values  of  the  corresponding  pixels  in  the 
five  channels.  The  number  of  output  classes  for  the  neural 
network  was  specified  to  be  10.  The  neural  network  was 
trained  and  tested  using  the  same  set  of  images  data  as  in  the 
previous  method,  and  the  result  is  shown  in  Figure  4.  An 
important  observation  is  that  the  global  textural  information 
is  retained  in  the  image  even  though  the  image  lost  some 
local  textural  details  as  a  result  of  reduced  grey  level 
resolution.  It  can  be  seen  that  the  network  successfully 
classified  the  land,  water,  and  different  types  of  clouds. 
However,  it  exhibited  some  difficulties  in  discriminating  low- 
level  and  medium-level  clouds  in  the  middle  of  the  image. 
Additionally,  in  some  areas  the  class  labels  of  adjacent  pixels 
changed  abruptly  hence  resulting  in  the  appearance  of  noise 
pixels.  This  “noise”  is  clearly  associated  with  the  more 
random  cumulus  cloud  type,  as  seen  in  the  corresponding 
visible  image  in  Fig.  1(a).  Overall,  the  simulation  results  of 
the  spectral  feature-based  method  are  promising.  Further 
improvement  may  be  achieved  by  combining  the  spectral  and 
the  textural  features. 
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IV.  CONCLUSIONS 

This  paper  presents  the  results  of  the  study  on  cloud 
detection  and  classification  for  IR  and  visible  images  using 
WT  feature  extraction  scheme  in  conjunction  with  Kohonen 
neural  network.  The  results  in  this  research  indicated  that  the 
performance  of  the  system  is  highly  dependent  on  input 
variations,  both  in  terms  of  intensity  and  texture.  This 
approach  provides  better  classification  capability  in  many 
difficult  situations  such  as  cirrus  clouds,  low  clouds  and  high 
intensity  background.  This  fact  is  demonstrated  in  the 
processed  images.  For  example,  the  image  in  Figure  1(b)  has 
big  portions  of  cirrus  clouds  on  the  lower  left  and  upper  right 
corners  and  low-level  clouds  over  water  which  are  difficult  to 
identify  using  the  traditional  approaches  but  were 
successfully  detected  by  the  neural  network. 
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Fig.  3(a)  Classification  based  on  the 
Textural  Features  (Visible). 


Fig.  3(b)  Classification  based  on  the  Fig  4.  Classification  based  on  Spectral 


Textural  Features  (IR).  Features. 
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Ahstraci 

In  this  paper  an  efficient  algorithm  for  the 
computation  of  2-D  discrete  Gabor  transform  is  introduced 
Under  the  assumption  of  non-overlapping  windows,  which  is 
satisfied  in  many  practical  cases,  the  2-D  Gabor  coefficients 
can  be  calculated  through  an  FFT-based  scheme.  Combining 
M’ith  the  Kohonen  self  organized  map,  this  method  is  used  in 
a  real-world  problem  dealing  with  cloud  detection/ 
classification.  Simulation  results  are  also  provided  which 
show  the  promise  of  the  proposed  method. 

I.  Introduction 

Highly  efficient  and  robust  cloud  detection/ 
classification  schemes  are  needed  for  automatic  processing  of 
the  satellite  cloud  image  data.  Gabor  transform  has  been 
found  to  be  one  of  the  most  effective  tools  for  textural  feature 
extraction  and  is  widely  used  in  cloud  detection/classification 
field  [1],[2].  It  has  optimal  ”  time-localization”  property  and 
complies  well  with  the  mammalian  visual  receptive  process 
[]].  Experimental  results  reveal  that  the  2-D  Gabor 
elementary  functions  can  nicely  mimic  the  simple  cell  of 
mammalian  visual  receptive  field  [1].  However,  one  of  the 
drawbacks  of  Gabor  transform,  especially  for  real-time  cloud 
detection/classification  application,  is  the  difficulty  in 
computing  the  coefficients.  This  is  primarily  due  to  the  fact 
that  the  Gabor  elementary  functions  are  non-orthogonal.  An 
analytic  solution  for  1-D  signals  via  bi-orthogonal  (auxiliary) 
functions  was  first  proposed  by  Bastiaans  [3]  and  was  further 
extended  to  the  2-D  case  by  Porat  and  Zeevi  [2].  Wexler  [4] 
and  Wang  [5]  utilized  Bastiaans’  idea  in  the  discrete  domain 
and  provided  a  simpler  approach.  Nonetheless,  there  is  still 
the  need  to  solve  a  set  of  linear  equations  in  order  to  get  the 
bi-orthogonal  functions,  hence  making  the  algorithm 
computationally  demanding.  Another  class  of  approaches  is 
proposed  which  use  neural  networks.  Daugman  [1]  proposed 
an  LMS-based  learning  neural  network  to  extract  the  Gabor 
transform  coefficients.  In  [6]  Ibrahim  and  Azimi-Sadjadi 
used  a  RLS-based  learning  algorithm  for  a  single-layer 
network  to  compute  the  Gabor  coefficients  directly  from  the 


data.  However,  most  of  these  methods  are  not  suitable  for 
real-time  applications  as  they  require  considerable  time  to 
update  the  weights. 

In  most  of  the  applications  of  the  Gabor  transform  , 
the  signal  or  image  is  divided  into  blocks  that  are  processed 
separately.  Assuming  non-overlapping  blocks,  a  new 
approach  is  developed  in  this  paper  which  allows  for 
calculation  of  the  Gabor  transform  coefficients  using  an 
efficient  FFT-based  algorithm  without  the  need  to  solve  any 
equation  as  with  the  auxiliary  function  schemes  [4].  This  new 
method  is  proven  theoretically  to  yield  the  same  result  as  the 
auxiliary  function  methods  but  with  more  efficiency  and  real¬ 
time  implementation  capability. 

The  rest  of  the  paper  is  organized  as  follows: 
Section  II  provides  a  review  of  the  Gabor  transform.  The 
implementation  using  FFT-based  algorithm  is  also  discussed 
in  this  section.  In  Section  III,  the  effectiveness  of  the 
proposed  approach  is  examined  for  the  textural  feature 
extraction  for  cloud  detection  /classification  tasks.  Simulation 
results  are  also  presented  in  this  section. 

II.  Discrete  Gabor  Transform  and  its  Fast  Implementation 
using  an  FFT  Algorithm. 

II. 1  1-D  Gabor  Transform 

The  basic  idea  of  Gabor  transform  is  to  expand  a 
signal,/(5c^,  x  e[0,  T  -  1] ,  into  a  set  of  shifted  and  modulated 
Gaussian  window  functions, 

^  M-l  N-l 

f(x)  =  2  E  amn  Gm„(x)  X  =  L  -  \  (I) 

n^O 

where  f(x)  is  the  reconstructed  signal,  equal  to  or 
approximately  equal  to  ffx)  in  some  optimal  sense  and 
are  the  Gabor  elementary  functions  defined  as 
Gm,(x)  =  g(x-inD)  exp(i2nnx/  N) 
where  g(x)  is  the  Gaussian  window  function  with  an  effective 
width  W,  i.e. 

g(x)  =  (yf2  /  af^  exp/'-7i(3c  -W  /  2f  /  a  ]  x  e[0,W-  /] 

=  0  otherwise 
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a  decides  the  shape  of  the  Gaussian  window  and  D  defines 
the  spatial  distance  between  two  adjacent  windows. 
Moreover  M=L/D  is  the  number  of  windows  that  are  needed 
to  cover  the  whole  signal  while  N  decides  the  lowest 
frequency  of  the  sinusoids  that  modulates  the  Gaussian 
window  or  in  other  words  it  controls  the  analysis  resolution 
in  the  frequency  domain.  When  D=N^  which  is  originally 
advocated  by  Gabor,  (1)  is  also  called  the  critical  sampling 
Gabor  transform,  while  for  D<N,  (1)  is  called  over-sampling 
Gabor  transform. 

It  is  easy  to  show  that  the  set  of  Gabor  elementary 
functions  G,n„(x)  are  non-orthogonal  to  each  other,  hence 
leading  to  difficulties  in  computing  the  coefficients.  One  way 
to  solve  this  problem  is  to  apply  the  idea  of  Bastiaan's 
auxiliary  function.  For  a  given  window  function,  g(x), 
suppose  there  exists  a  biorthogonal  function  r(x),  so  that  the 
Gabor  expansion  coefficients  can  be  derived  by  the  following 
equation; 


c>,„„  =  ^f{x)r\x-mD)QX^{-j2TznxlN)  (3) 

.v=0 

Substituting  (3)  into  (1)  and  using  discrete  Poisson-sum 
formula  [4],  it  can  be  shown  that  r(x)  is  determined  by 


A- 1 

Y,r\x)g{x  +  mN)Q\’(){-j2nnxl  N)  =  5,„5„ 

.Y  =  0 

m=0,l,...  M-1.  n=0,l, . N-1  (4) 

There  are  totally  MN  equations  and  L  variables  in  the  above 
equation.  In  mostly  used  critical  sampling  Gabor  transform, 
N=D,  in  which  case  the  above  equation  will  have  a  unique  set 
of  solutions.  The  signal  f(x)  can  then  be  reconstructed  from 
the  Gabor  expansion  coefficients  using  (1)  without  any 
distortion.  The  case  N>D,  i.e.  the  oversampling  ,  leads  to  an 
overdetermined  case  and  the  solution  could  only  be  achieved 
in  optimal  MSE  sense.  The  effective  window  length,  W,  will 
also  affect  the  analysis  results  of  the  Gabor  transform.  The 
best  frequency  resolution  will  be  achieved  when  W=N,  where 
N  decides  the  lowest  frequency  that  modulates  the  Gaussian 
window.  Consequently,  critical  sampling  Gabor  transform 
using  non-overlapping  window  is  preferred  if  both  the 
distortion-less  reconstruction  and  excellent  frequency 
resolution  are  required  as  in  many  practical  applications. 

For  critical  sampling  Gabor  transform  using  non¬ 
overlapping  windows,  where  W-D=N,  we  can  define  a  signal 
f„Xx)  in  each  window,  i.e. 

.4,(x)=  /(x)  ,  X  e[A77A^,(/?7+l)A^-l] 

=  0  ,  otherwise 

Thus,  we  can  write 

A /-I 

/W=Z/„,W-  (5) 

/»=0 

From  (1),  we  can  get 


.1\x)=  X 


exp(,/27t/7x  / /V) 


g{x  -  mN) 


(6) 


Since  non-overlapping  window  is  used,  g{x  -  mN)  ^  0 
when  X  g[wA^,(w+ 1)A^  -  1]  and  zero  outside  this  window. 
Thus  ,  comparing  (5)  and  (6),  it  is  easy  to  show  that 


'n-\ 

Z«»,«  t\}()(j2nnx !  N) 


//-O 


g(x  -  mN) 


The  coefficients  a,„n  can  then  be  obtained  using 


/V  x=niN 


-exp(-y27cm:/  N) 


(7) 


g(x  -  mN) 

which  may  be  computed  using  an  efficient  FFT  algorithm.  It 
can  be  shown  that  this  approach  provides  the  same  results  as 
with  the  auxiliary  function  methods  [8]. 


II.2  Fast  Implementation  of  2-D  Discrete  Gabor 
Transform  using  FFT  algorithm. 

The  1-D  Gabor  transform  definition  can  easily  be 
extended  to  the  2-D  case.  For  a  given  image  f(x,y), 
x=0,l...L^,  y=0,l...Ly,  the  2-D  Gabor  transform  is  defined 


as  f{x,y)  =  Z  Z  Z  Z 

//v=0  //,  -0  =0  =0 

where  the  2-D  Gabor  elementary  functions  are 


„  (x,y)  =  gix  -  m, D^,y-  m  )exp 


n^x  n^y 
j2ti{-^  +  ^ — ) 
N.. 


The  definition  of  all  the  other  variables  and  functions  are  the 
same  as  in  the  1-D  case,  except  that  the  subscripts  x  and  y 
are  added  to  represent  x  and  y  coordinates. 

For  critical  sampling  discrete  2-D  Gabor  transform 
using  non-overlapping  windows,  i.e.,  N^^D^  ,  'Ny=Dy 

=Wy  ,  we  can  also  employ  2-D  FFT  for  computing  the  Gabor 
transform  coefficients  similar  to  the  1-D  case.  In  this  case  we 
can  get 

(9) 

III.  Simulation  Results. 

The  effectiveness  of  the  proposed  algorithm  is 
examined  for  real-time  textural  feature  extraction  from 
satellite  data.  The  cloud  image  (  see  Fig.  1)  analyzed  in  this 
study  was  obtained  from  the  GOES  8  satellite  which 
transmits  a  high  resolution  image  of  a  part  of  the  earth  every 
30  minutes.  To  process  such  an  overwhelming  volume  of 
data,  obviously  fast  processing  schemes  are  needed.  Gabor 
transform  coefficients  were  first  computed  for  this  image. 
These  were  then  applied  to  an  unsupervised  Kohonen  neural 
network  [9]  for  automatic  cloud  detection/  classification.  In 
order  to  find  the  coefficients,  the  entire  image  was  divided 
into  small  blocks  of  size  8x8.  Using  the  proposed  non¬ 
overlapping  Gabor  transform,  the  total  number  of  Gabor 
coefficients  are  equal  to  the  number  of  pixels  in  the  image. 
However,  due  to  symmetry  only  half  of  the  coefficient  will 
be  sufficient  for  the  image  representation.  In  order  to  reduce 
the  dimensionality  of  input  data  for  the  neural  network  only 
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those  coefficients  which  contained  most  of  the  image  energy 
were  used.  Ten  output  neurons  were  used  for  this 
detection/classification  problem  in  order  to  accommodate 
different  possible  classes.  The  network  was  trained  using 
randomly  chosen  blocks  covering  different  areas  of  interest 
in  the  image.  After  training  was  completed,  the  network  was 
tested  on  the  whole  image.  Fig.  2  shows  the  regions  detected 
as  cloud  and  no-cloud.  Figs.  3(a)-(b)  show  the  classification 
results  for  some  of  the  output  classes.  The  network  has  well 
discriminated  between  land,  water  and  clouds.  The  results 
indicate  the  promise  of  this  scheme  for  cloud  detection  and 
classification  when  used  as  a  fast  feature  extraction  method. 
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Fig  2.  Cloud  Detection  Result 
Bright  White  =  No  cloud  Regions) 


Fig.  3-b  Output  of  Neuron  #10 
(White  =  High-level  Cirrus) 


1110 


A  Prototype  Sea  Ice  Mapping  System  using  a  Geographical  Information  System  and 

Expert  Knowledge. 


R.N.Williams  and  J.Hartnett. 

Department  of  Applied  Computing  and  Mathematics,  University  of  Tasmania, 
PO  Box  1214,  Launceston,  Tasmania,  Australia,  7250 

Phone:  61  (03)  243480  Fax:  61  (03)  243368 
Email:  R.Williams@appcomp.utas.edu.au 


Abstract  --  An  operational  sea  ice  mapping  system  is 
being  developed  which  will  assist  meteorologists  at  the 
Casey  Antarctic  Base  to  create  sea  ice  maps,  from  NOAA 
AVHRR  imagery  received  at  the  base  itself.  The  system 
will  take  AVHRR  imagery  initially  processed  via  the 
Mcldas  meteorological  system,  and  initiate  an  interactive 
procedure  which  assists  the  expert  interpreter  to  produce  a 
sea  ice  map  from  the  imagery. 

A  prototype  system,  called  ICEMAPPER,  has  been 
developed.  It  is  based  on  an  existing  geographical 
information  system  and  uses  production  rules, 
incorporating  expert  knowledge  derived  both  from  the 
scientific  literature  and  from  local  sea  ice  interpreters,  to 
provide  an  initial  classification.  If  the  expert  is  satisfied 
with  the  map  produced  it  can  be  printed  out.  If  not, 
thresholds  used  in  the  production  rules  can  be  altered 
interactively  and  the  map  recreated. 


INTRODUCTION 

The  Australian  Bureau  of  Meteorology  supports  shipping 
operations  undertaken  by  the  Australian  Antarctic  Division 
into  the  bases  at  Mawson,  Davis  and  Casey.  A  small 
meteorological  centre  has  recently  been  established  at  the 
Casey  base  itself.  One  important  part  of  the 
meteorological  service  is  the  provision  of  sea  ice  maps  and 
reports  which  enable  ships  to  be  navigated  safely  into  and 
out  of  the  bases. 

These  maps  are  currently  produced  manually  at  the  Bureau 
of  Meteorology  office  in  Hobart,  from  AVHRR  images 
received  from  the  NOAA  10  and  NOAA  11  polar  orbiting 
satellites.  The  data  is  obtained  from  the  satellite  on  an 
operational  basis  and  initially  processed  using  the  Mcldas 
meteorological  system.  Any  of  the  five  wavelength  bands, 
two  visible  and  three  infra-red,  can  be  displayed  on  the 
workstation  screen.  The  expert  image  interpreter  observes 
0-7803-3068-4/96$5.00©1996  IEEE 


the  bands  of  interest  and  uses  them  to  identify  regions  of 
various  types  of  sea  ice  on  the  image.  The  regions  are 
classified,  using  a  scheme  defined  by  the  World 
Meteorological  Organisation,  into  the  following  classes 

open  water  -  which  is  ocean  free  of  sea  ice. 
very  open  ice  -  ice  concentration  of  1  to  2  eights, 
open  ice  -  ice  concentration  of  3  to  4  eights, 
close  ice  -  ice  concentration  of  5  to  6  eights, 
very  close  ice  -  ice  concentration  of  about  7  eights, 
compact  ice  -  ice  concentration  of  8  eights, 
cloud  -  regions  obscured  by  clouds. 

Once  the  regions  have  been  identified,  the  interpreter  draws 
an  ice  chart  by  hand,  writes  interpretive  comments  on  the 
chart  and  then  faxes  the  chart  down  to  the  Antarctic  base 
and  onto  relevant  ships  in  the  area. 

The  aim  of  the  work  reported  in  this  paper  is  to  design  and 
construct  an  operational  system  which  can  partially 
automate  this  process.  A  prototype  (called  ICEMAPPER) 
has  been  developed  using  an  expert- moderated  approach  in 
which  the  five  wavelength  bands  of  a  NOAA  image  are 
converted  into  albedo  and  brightness  temperature  images 
and  a  sea  ice  interpretive  knowledgebase  analyses  the 
resulting  data  to  produce  an  appropriate  ice  map.  The 
knowledgebase  consists  of  production  rules  which  can 
classify  each  pixel  into  one  of  the  classes  described  above 
by  comparing  various  albedo  and  temperature  values,  and 
differences  between  values,  with  a  number  of  specified 
radiometric  thresholds.  It  uses  this  knowledge,  derived 
from  human  image  interpreters  and  from  the  scientific 
literature  [1-6],  to  produce  an  initial  classification. 

If  the  expert  using  the  system  is  satisfied  with  the  sea  ice 
map  produced,  it  can  be  saved  and  printed  out.  If  the  map 
produced  is  not  sufficiently  accurate,  the  expert  can  alter  the 
thresholds  being  used  in  the  production  rules  as  these  are 
believed  to  change  during  the  year  and  under  different 
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climatic  conditions.  The  map  can  then  be  redrawn  using 
the  altered  thresholds  and,  if  satisfactory,  printed  out.  This 
process  can  be  repeated  several  times  if  necessary,  although 
the  aim  is  to  obtain  a  satisfactory  map  after  a  relatively 
small  number  of  iterations  on  most  occasions. 

The  expert  also  has  the  ability  to  record  those  thresholds 
which  produced  a  satisfactory  map.  The  aim  of  doing  this 
is  to  obtain  further  knowledge  about  how  the  thresholds 
vary  according  to  time  of  day,  time  of  year  and  under 
different  climatic  conditions.  This  knowledge  would  be 
incorporated  into  a  future  version  of  the  system  thus 
improving  its  performance. 


PROGRAM  DESIGN  AND  IMPLEMENTATION 

The  ICEMAPPER  program  developed  from  an  earlier 
project  which  aimed  to  produce  a  spatial  expert  system  for 
the  automatic  analysis  of  AVHRR  images.  The  knowledge 
needed  to  produce  the  sea  ice  maps  was  obtained  from  two 
expert  image  interpreters  over  an  eight  month  period,  and 
supplemented  by  information  gleaned  from  the  research 
literature.  It  was  encoded  as  production  rules  and 
incorporated  into  an  expert  system  shell,  which  was  then 
integrated  with  a  geographical  information  system  in  order 
to  handle  the  spatial  data  involved. 

This  spatial  expert  system  enabled  us  to  acquire  the  sea  ice 
knowledge,  convert  it  into  production  rule  form  and 
incorporate  into  a  working  program  for  validation.  It  was  a 
very  useful  research  tool  but  to  be  effective  in  an 
operational  setting  it  required  two  modifications.  Firstly, 
in  order  to  achieve  the  execution  speed  required,  the 
production  rules  were  recoded  in  C  (as  is  often  done  when 
an  expert  system  moves  from  an  experimental  to  an 
operational  phase).  Secondly,  the  desire  to  produce  a  fully 
automated  analysis  system  proved  unrealistic  at  this  stage, 
so  the  system  needed  to  allow  the  possibility  for  expert 
intervention,  when  required,  to  produce  a  satisfactory  final 
product.  A  graphical  user  interface  was  added  to  enable  the 
expert  to  modify  the  production  rules  (by  altering 
thresholds)  and  to  undertake  repeated  attempts  at  producing 
a  satisfactory  sea  ice  map. 

The  ICEMAPPER  system  design  has  now  been  completed 
and  substantially  implemented.  All  of  its  modules  are 
accessible  via  mouse  operations  from  a  single  pull-down 
main  menu.  They  include  the  following 

(1)  Import  a  Mcldas  Image  -  enables  a  five  band 
multispectral  AVHRR  image,  in  Mcldas  format,  to  be 
imported  into  the  image  analysis  system.  It  reads  in  the 


header  information  and  also  splits  the  image  into  its  five 
separate  spectral  bands. 

(2)  Navigate  an  Image  -  will  use  satellite  navigation  data 
to  navigate  the  image  and  to  underlay  it  with  an  accurate 
coastline  map  provided  by  the  Antarctic  Division.  (A 
considerable  amount  of  background  work  has  been 
completed  in  relation  to  this  module  but  the  module  has 
not  yet  been  implemented). 

(3)  Calibrate  the  Image  -  uses  appropriate  radiometric 
calibration  formulae  to  convert  bands  1  and  2  to  albedo 
values  (corrected  for  solar  zenith  angle)  and  bands  3, 4  and 
5  to  brightness  temperatures.  (All  background  work  has 
been  completed  for  the  development  of  this  module  but 
implementation  has  yet  to  be  completed.) 

(4)  Create  an  Ice  Map  -  uses  the  sea  ice  interpretative 
knowledge,  in  this  case  coded  as  production  rules  written  in 
C,  to  attempt  a  classification  of  the  image  (once  it  has 
been  imported,  navigated  and  calibrated).  The  result  of 
this  is  an  ice  map  of  the  region  depicted  by  the 
multispectral  image,  in  which  the  regions  of  open  water  as 
well  as  different  sea  ice  concentrations,  ranging  from  very 
open  ice  to  compact  ice,  are  displayed  in  various  colours. 
Regions  obscured  by  low  and  high  cloud  and  the 
superimposed  coastline  are  also  shown  on  the  ice  map. 

(5)  Display  Multispectral  Bands  and  Ice  Map  -  can  display 
any  of  the  multispectral  bands  used  to  create  the  ice  map  as 
well  as  the  ice  map  itself.  The  most  important  function  of 
this  module  is  to  allow  the  expert  to  look  at  appropriate 
bands  and  to  look  at  the  ice  map  to  see  whether  it  agrees 
with  the  expert's  own  manual  interpretation  of  the  data. 

(6)  Modify  Thresholds  for  Production  Rules  -  allows  the 
expert  to  alter  the  thresholds  for  the  production  rules  in  the 
knowledgebase  if  the  ice  map  produced  by  the  default 
thresholds  is  deemed  inadequate.  It  is  known  that  the 
thresholds  needed  in  the  knowledge  base  may  alter  under 
unusual  climatic  conditions,  thus  rendering  the  ice  map 
inaccurate.  This  module  provides  a  number  of  point- and- 
click  dialogue  boxes  which  enable  the  expert  to  alter  the 
thresholds  easily,  prior  to  recreating  the  ice  map. 

(7)  Save/Print  Multispectral  Bands  and  Ice  Maps  -  once 
the  expert  is  satisfied  with  the  ice  map  produced,  it  can  be 
saved  as  a  GIF  file  and  subsequently  printed  out  on  a  colour 
printer.  Proposed  additions  to  this  module  will  enable  the 
map  to  be  recreated  in  black-and-white  form  (using  shading 
patterns  rather  than  colours  to  display  the  various  regions) 
so  that  the  map  can  be  transmitted  by  fax. 
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(8)  Record  Details  -  on  occasions  when  the  thresholds 
have  been  altered  and  an  accurate  ice  map  produced,  it  is 
important  to  record  the  altered  thresholds  and  as  many  other 
potentially  relevant  details  as  possible  (eg,  time  of  day, 
season,  local  meteorological  conditions  etc.)  so  that  at  a 
later  date  these  records  can  be  analysed  in  order  to  relate 
variations  in  the  thresholds  to  changes  in  these  other 
variables.  The  aim  is  to  enhance  the  knowledgebase  in  the 
future  so  that  this  particular  situation  can  be  accommodated 
without  the  need  for  expert  intervention. 

TESTING  AND  EVALUATION 

The  current  prototype  system  has  been  tested 
experimentally  on  five  test  images.  In  four  of  these  images 
it  created  ice  maps  regarded  as  acceptable  by  the  expert 
using  the  default  thresholds.  However,  on  the  fifth  image, 
substantial  alterations  were  needed  to  the  thresholds  and 
even  then  an  acceptable  map  could  not  be  obtained.  We  are 
currently  investigating  what  conditions  were  responsible 
for  this  situation.  It  is  possible  that  the  erroneous  result 
occurred  due  to  our  current  temporary  implementations  of 
the  navigation  and  calibration  modules.  On  the  other  hand 
it  may  reflect  unusual  climatic  conditions  of  the  type  that 
can  potentially  affect  the  production  rule  thresholds  needed 
to  accurately  classify  the  sea  ice  regions  and  further 
investigation  could  give  us  our  first  extra  piece  of 
knowledge  on  the  relationships  between  the  thresholds  and 
other  variables. 

It  is  hoped  that  a  fully-implemented  version  of  the  system 
will  be  ready  for  operational  use  by  late  1996.  The  aim  is 
to  operate  it  under  close  supervision  for  about  a  year  to 
assess  its  performance  before  considering  whether  to  use  it 
as  a  long-term  operational  tool. 

CONCLUSIONS 

We  have  determined  that  for  the  majority  of  the  small 
selection  of  test  images  tested,  the  system  produces 
acceptable  ice  maps.  However  more  extensive  testing  is 
required  before  we  can  be  confident  of  the  accuracy  of  the 
system.  Feedback  from  experts  intending  to  use  the 
system  indicates  that  the  semi-automatic  mode  of  operation 
will  be  flexible  enough  to  provide  significant  assistance, 
but  without  taking  over  the  decision-making  process.  Due 
to  the  ramifications  of  a  wrong  analysis,  it  is  necessary 
that  the  human  expert  still  has  the  final  say  over  the 
product  produced. 


It  is  intended  that  eventually  this  system  will  operate  as  a 
stand-alone  system  that  can  be  set  up  and  used,  on  a 
permanent  basis,  in  the  Antarctic  Meteorological  Centre  at 
Casey. 
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Abstract  -  Radar  and  satellite  measurements  can  be  used  for 
the  detailed  description  of  the  properties  of  precipitating 
clouds.  Radars  primarily  detect  the  existing  raindrops.  From 
the  satellite  radiances,  however,  one  can  derive  such 
additional  physical  characteristics  of  the  cloudiness  that  can 
provide  information  on  the  further  development  of  the 
precipitation  systems.  In  this  study  we  used  digitized  data 
from  a  3  and  10  cm  MRL-5  radar  and  satellite  data  from  the 
Advanced  Very  High  Resolution  Radiometer  (AVHRR)  on 
board  the  polar  orbiting  NOAA  satellites.  From  the  AVHRR 
radiances  we  derived  cloud-top  temperature,  optical  thickness 
and  effective  cloud  droplet  size.  We  also  determined  a  cloud- 
class  flag  using  thresholding  and  clustering  classification 
techniques.  The  radar  and  satellite  images  were  transformed 
into  the  same  geographic  projection  format  and  displayed 
simultaneously  for  qualitative  evaluation.  In  addition,  an 
empirical  relationship  was  established  between  coincident 
ground  precipitation  measurements,  radar  data  and  satellite 
cloud  parameters  using  data  from  a  two-year  period  over 
Hungary. 

INTRODUCTION 

The  multispcetral  radiance  measurements  of  AVHRR  on 
board  the  polar  orbiting  NOAA  satellites  allow  the  retrieval 
of  various  physical  properties  of  cloudiness.  From  these 
parameters  cloud  top  temperature  (TJ  alone  has  been  proven 
to  be  a  weak  indicator  of  ground  precipitation.  However,  as 
it  has  been  pointed  out  in  [1],  cloud  optical  thickness  and 
effective  droplet  radius  can  be  successfully  applied  in  the 
identification  of  the  area  of  precipitation  especially  in  case  of 
low  clouds.  These  data  can  be  also  used  as  complementary 
information  for  the  quantitative  estimation  of  precipitation 
from  radar  measurements.  Also,  satellite  data  are  free  from 
the  loss  of  information  that  characterizes  radar  observations 
due  to  the  weakening  of  the  radar  signal  on  precipitation 
elements.  Thus  satellite  data  alone  may  be  useful  tools  in 
areas  that  are  far  from  the  radar  instrument.  In  this  study  we 
present  the  results  of  a  project  aimed  at  the  investigation  of 
the  relationship  between  satellite-derived  cloud  parameters, 
radar  data  and  ground  precipitation  measurements. 


INPUT  DATA  AND  METHODOLOGY 

We  investigated  simultaneous  satellite,  radar  and 
precipitation  measurements  from  summers  1994  and  1995  in 
the  250  km  radius  range  of  the  Szentgotthard-Farkasfa 
operational  MRL-5  weather  radar  of  the  Hungarian 
Meteorological  Service  (HMS)  in  the  western  part  of 
Hungary.  First  we  collected  instantaneous  precipitation 
measurements  provided  by  the  Hungarian  raingauge  network 
for  the  times  of  the  afternoon  overpasses  of  NOAA- 11  and 
NOAA- 14  satellites  archived  at  the  HRPT  (High  Resolution 
Picture  Transmission)  receiving  station  of  HMS  Satellite 
Research  Laboratory.  As  instantaneous  measurements  we  took 
5  minute  sums  of  automatic  raingauge  readings  and  then 
converted  them  into  the  more  conventional  hourly  sum  units. 

Cloud  optical  depth  (x)  and  effective  radius  (r^)  were  derived 
from  the  AVHRR  LAC  (Local  Area  Coverage)  visible 
(channel  1)  and  near-infrared  (channel  3)  reflectivities.  The 
actual  retrieved  values  of  optical  depth  and  effective  radius 
were  selected  from  a  precalculated  look-up  table  by  taking  the 
T  and  r^  values  corresponding  to  the  reflectivities  that  were 
closest  to  the  observed  reflectivities  at  the  given  sun-satellite 
geometry.  The  look-up  table  contains  reflectivities  for  a  wide 
range  of  optical  depths,  effective  radii  and  sun-satellite 
geometries.  Here  the  synthetic  reflectivities  were  calculated 
my  the  Mie  scattering  program  MIEVO  [2]  and  the  discrete- 
ordinate  model  DISORT  [3].  We  performed  optical  thickness 
retrievals  only  for  the  pixels  that  were  identified  as  cloud- 
covered  by  a  cloud  detection  scheme  based  on  threshold 
values  of  all  the  5  AVHRR  channels  [4].  Also,  effective  radii 
were  retrieved  only  for  pixels  where  the  optical  depth  value 
was  higher  than  10.  As  in  was  shown  in  [5],  such  clouds  are 
opaque  for  the  3.7  pm  radiation  and  only  absorption  and 
reflection  processes  have  to  be  taken  in  account.  For  the 
removal  of  the  thermal  emission  component  from  the  channel 
3  radiance  we  used  AVHRR  channel  4  infrared  window 
brightness  temperatures.  The  satellite  images  were 
geographically  transformed  into  the  format  of  the  2  km 
resolution  radar  images  containing  256x256  pixels. 

For  the  comparison  of  satellite  and  radar  imagery  we 
selected  the  closest  possible  3  or  10  cm  PPI  (Plan  Position 
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Indicator)  radar  observations.  The  time  difference  between  the 
satellite  overpasses  and  the  corresponding  radar  observations 
was  not  allowed  to  exceed  10  minutes. 

RESULTS  AND  DISCUSSION 

The  extinction  of  radar  signal  in  precipitation  at  the  3  cm 
wavelength  in  strong  and  hence  reliable  data  can  be  expected 
only  within  a  50  km  radius  area  of  the  radar  instrument.  Thus 
here  we  concentrated  on  the  10  cm  observations  that  provided 
a  better  opportunity  for  comparison  over  a  larger  area.  Fig.l 
and  Fig.2  show  collocated  cloud  optical  depth,  cloud  effective 


I 


Fig.l  The  cloud  optical  depth  and  cloud  effective  radius  fields 
on  19  July  1994. 


Fig.2.  The  radar  echo  field  on  19  July  1994 

radius  and  10  cm  radar  echo  fields  on  19  July  1994. 

/  It  can  be  observed  that  the  areas  of  precipitation  can  be 
identified  with  high  values  of  cloud  optical  depth.  By  the 
investigation  of  various  similar  scenes  it  has  been  found  that 
B  values  higher  than  15  of  cloud  optical  depth  mark  well  the 
areas  of  precipitation.  On  the  other  hand,  the  relationship 
between  effective  droplet  radii  and  radar  echoes  is  weaker. 
This  is  due  to  the  fact  that  precipitating  clouds  may  often  be 
overlain  by  thin  cloud  layers  with  effective  radii  significantly 
different  from  those  of  the  lower  cloud. 

We  also  investigated  the  quantitative  relationship  between 
satellite  cloud  parameters  and  radar  reflectivity  factor  (Z).  For 
this  goal  we  separated  high-  and  low  level  clouds  by  the  245K 
isotherm.  We  neglected  mixed  pixels  only  partly  containing 
precipitation  by  considering  only  those  pixels  that  were 
surrounded  by  pixels  having  radar  logZ  values  higher  than 
1 .65.  We  investigated  the  statistical  relationship  between  cloud 
parameters  and  radar  echoes.  For  high  clouds  a  weak,  rather 
qualitative  relationship  between  x  and  logZ  could  be  observed. 
This  relationship  was  stronger  for  low  clouds,  where  high 
values  of  r^  also  proved  to  be  good  indicators  of  precipitation. 
However,  in  both  cases  the  correlation  between  the  cloud 
: parameters  and  logZ  values  was  below  0.3,  which  cannot  be 
explained  only  by  the  temporal  and  spatial  collocation 
inaccuracy.  It  rather  suggests  that  cloud  parameters  and  radar 
data  provide  relatively  independent  pieces  of  information 
about  precipitation  clouds  and  thus  there  is  a  potential  in  their 
combined  use  to  improve  the  accuracy  of  precipitation 
estimates. 

We  derived  an  empirical  relationship  between  satellite  cloud 

_  parameters  and  ground  precipitation  based  on  data  from  15 

days  in  1994  and  1995.  Here  we  added  as  predictor  to  x,  r^ 
fields  and  T^.  the  product  of  x  and  r^  that  is  proportional  to  cloud 
liquid  water  path  [5]: 
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(1) 
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LWP^2/2 


if  and  LWP  are  expressed  in  pm  and  g/m^  respectively. 

The  regression  equation  to  estimate  the  I  instantaneous 
ground  precipitation  amount  expressed  in  [mm/hour]  from 
satellite  cloud  parameters  is 

J=-0 . 071*T*rg+0 .735*t+  ^2) 

1 . 212*r^-0 . 122*r^-f-23 .33  3 


This  equation  estimates  the  ground  precipitation  by  a 
correlation  accuracy  of  0.51  that  is  comparable  to  the 
accuracy  of  precipitation  estimation  from  radar  data  found 
earlier.  This  underlines  the  potential  of  using  satellite  cloud 
parameters  for  precipitation  estimation. 

Our  final  goal  is  the  derivation  of  a  regression  equation  for 
precipitation  estimation  from  the  satellite  and  radar  data.  This 
time,  however,  the  low  number  of  available  coincident 
satellite,  radar  and  raingauge  data  made  a  statistical 
comparison  impossible.  This  was  mainly  due  to  the  lack  of 
radar  information  at  many  locations  far  from  the  radar 
instrument  where  raingauge  measurements  indicated 
precipitation. 

CONCLUSION  AND  PLANS  FOR  THE  FUTURE 

In  this  paper  the  potential  for  the  combined  use  of  radar  and 
satellite  information  for  quantitative  estimation  of 
precipitation  has  been  investigated.  It  has  been  found  that 
satellite-derived  cloud  parameters  alone  can  be  applied  for 
precipitation  estimation  with  an  accuracy  that  is  comparable 
to  the  accuracy  of  the  radar  estimates.  As  cloud  parameters 
have  proven  to  be  statistically  weakly  dependent  from  radar 
echoes,  we  expect  their  synergy  to  improve  the  accuracy  of 
precipitation  estimates.  Also,  we  plan  to  simultaneously  use  of 
3  and  10  cm  radar  information,  since  they  are  sensitive  to  low 
and  high  precipitation  intensities  respectively.  However,  for 
the  derivation  of  a  statistically  significant  empirical  formula 
a  larger  dataset  of  coincident  satellite,  radar  and  ground 
observations  is  needed.  So  far  the  compilation  of  such  a 
dataset  has  been  hampered  by  the  low  temporal  resolution  of 
the  NOAA  satellite  overpass.  This  problem,  however  can  be 
overcome  by  the  future  use  of  the  new  generation 
geostationary  meteorological  satellites  that,  carrying  imagers 
having  similar  spectral  characteristics  to  AVHRR  allow  the 
retrieval  of  cloud  optical  depth  and  effective  radius  with  high 
temporal  resolution. 
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Abstract  --  The  ocean  surface  wind  speed  and  direction  play 
important  roles  in  meteorology,  oceanography,  climatology,  and 
operational  weather  forecasting.  Currently,  global  ocean  vector 
wind  measurements  are  derived  from  costly  active  microwave 
radars,  such  as  the  ERS-1  scatterometer  and  the  soon  to  be 
launched  NASA  scatterometer  (NSCAT).  Recent  work  in  the 
former  Soviet  Union  [1]  and  analysis  of  Special  Sensor 
Microwave/Imager  data  [2]  both  reveal  wind  direction  signals  in 
passive  microwave  data.  To  determine  the  limits  of  passive 
microwave  vector  wind  remote  sensing,  the  All-weather,  Earth- 
observing,  Ocean,  Land,  Ice  Sensor  (AEOLIS)  program  was 
established  [3].  This  program  consists  of  laboratory  and 
theoretical  studies  augmented  by  analysis  of  existing  space- 
based  data  sets  and  an  aggressive  aircraft  instrument 
development  program.  Preliminary  results  show  detectable  wind 
direction  signals  over  the  observed  wind  speed  range  of  2  to  9 
m/s.  In  this  paper,  and  the  papers  that  follow,  the  state-of-the-art 
knowledge  about  this  relatively  new,  passive  microwave,  vector- 
wind  remote  sensing  technology  is  presented. 

INTRODUCTION 

Operational  and  climatological  applications  in  meteorology  and 
oceanography  require  accurate  observations  of  surface  wind  speed 
and  direction  (vector  wind)  over  the  global  oceans.  Oceanic 
surface  wind  data  of  high  quality  and  high  temporal  and  spatial 
resolution  are  required  to  understand  and  predict  the  large-scale 
air-sea  interactions  that  significantly  influence  our  climate.  Such 
observations  are  needed  to  drive  ocean  circulation  and  surface 
wave  models;  calculate  surface  fluxes  of  heat,  moisture,  and 
momentum;  provide  initial  conditions  and  verification  data  for 
atmospheric  models;  and  calculate  surface  climatologies. 

Ocean  wind-speed  and  direction  are  also  important  to  Naval 
and  civilian  operations,  yet  are  poorly  observed  over  most  of  the 
world’s  ocean.  The  United  States  Navy  lists:  tactical  weather 
forecasting,  prediction  of  acoustic  conditions  for  submarine  and 
anti-submarine  warfare,  prediction  of  sea  and  surf  conditions  for 
amphibious  warfare,  mine  warfare,  underway  replenishment, 
swimmer  operations,  and  search  and  rescue  operations  as 
environmental  products  critical  for  tactical  operations. 
Knowledge  of  the  ocean  surface  wind  speed  and  direction  are 
critical  elements  in  the  calculation  of  these  parameters.  The 
operational  wind  requirements  are  listed  in  Table  1. 

Only  satellite-borne  sensors  are  capable  of  providing  global 
wind  data  coverage  with  high  spatial  resolution  and  frequent 
sampling.  Scatterometers,  satellite  altimeters  and  multi-channel 
passive  microwave  radiometers  can  be  used  to  estimate  scalar 
wind  speed  under  all  but  the  worst  weather  conditions.  Spanning 


more  than  20  years  of  operation,  passive  microwave  sensors 
provide  one  of  the  longest  global  records  of  remotely  sensed 
data  (Fig.  1).  Currently,  the  Special  Sensor  Microwave  Imager 
(SSM/I),  is  flown  operationally  on  the  Defense  Meteorological 
Satellite  Program  (DMSP)  Block  5D-2  satellites,  and  is  used 
routinely  to  produce  global  maps  of  scalar  wind  speed, 
atmospheric  water  vapor,  and  cloud  liquid  water.  To  date, 
however,  these  instruments  have  been  unable  to  measure  wind 
direction. 


Table  1:  Operational  ocean-surface,  wind  requirements. 


Parameter 

Sjieed 

Direction 

Resolution 

25  km 

25  km 

Accuracy 

>  of  10%  or  2m/s 

+  20° 

Precision 

1  m/s 

±10° 

Range 

0-50  m/s 

360°<12  hours 

Refresh 

<12  hours 

<12  hours 

Fig.  1.  Passive  microwave  spacecraft  [4]. 


Satellite-borne  scatterometers,  such  as  those  carried  by  the 
European  Remote-sensing  Satellites  (ERS),  the  European 
Meteorological  Operational  (METOP)  satellites  and  the  Japanese 
ADvanced  Earth  Observing  Satellites  (ADEOS)  are  the  only 
sensors  currently  capable  of  acquiring  global,  high-resolution, 
wind  speed  and  direction  data  [5].  These  data  have  already 
proven  to  be  extremely  valuable  in  atmospheric  and  oceanic 
modeling  studies.  Fortunately,  international  plans  call  for 
scatterometers  to  fly  on  research  satellites  well  into  the  next 
decade  (Fig.  2)  providing  continued  high-quality,  vector-wind 
data  for  research  studies. 


Presently,  the  National  Polar-orbiting  Operational 
Environmental  Satellite  System  (NPOESS)  Integrated  Program 
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Office  (IPO)  is  planning  for  the  next  generation  of  operational 
wind  sensors  (beyond  ‘-'2005).  Both  scatterometers  and  passive 
microwave  sensors  need  to  be  seriously  considered  and  their 
relative  merits  -  cost,  power,  weight,  and  accuracy’s  compared. 


Fig.  2.  Scatterometer  spacecraft:  next  decade  [4]. 


THREE  RECENT  TECHNOLOGY  ADVANCES 

Three  advances  have  been  made  in  recent  years  that  make  it 
possible,  for  the  first  time,  to  extract  vector  wind  signals  from 
passive  microwave  data.  Wentz  [2]  has  shown  that  wind 
direction  signals  exist  in  monthly-averaged  vertical  and 
horizontal  SSM/I  brightness  temperatures.  Key  to  this  success  is 
the  realization  that  near-simultaneous  passive  microwave  data, 
when  collected  from  different  viewing  directions,  contains  wind 
direction  information.  The  second  major  technological  advance 
in  passive  microwave  vector  wind  sensing  is  the  recognition  that 
the  third,  and  possibly  the  fourth,  members  of  the  Stokes  vector 
(i.e.  the  real  and  imaginary  parts  of  the  cross-correlation  between 
the  vertical  and  horizontal  electric  field  components)  are 
sensitive  to  wind  direction  [6].  In  contrast  with  scatterometers, 
the  combination  of  the  vertical  and  horizontal  brightness 
temperatures  and  the  third  Stoke  parameter  are  potentially 
capable  of  retrieving  an  unambiguous  wind  direction.  Finally, 
the  third  major  advance  in  passive  microwave  vector-wind 
remote  sensing  is  in  the  area  of  data  assimilation.  Atlas  and 
colleagues  [7]  have  adapted  methodologies  developed  for 
scatterometer  ambiguity  removal  for  use  in  assigning  wind 
direction  estimates  to  SSM/I-derived  wind  speeds.  Comparison 
against  in  situ  data  indicate  an  accuracy  of  ±20°  to  ±25°,  which 
approaches  the  current  operational  wind  direction  requirement. 

TECHNICAL  OBJECTIVES 

Before  an  optimal  spacecraft-borne  sensor  design  can  be 
de /eloped,  a  number  of  critical  questions  need  to  be  addressed. 
For  example: 


1)  What  is  the  basic  physical  mechanism  responsible  for  the 
wind  direction  sensitivity  in  the  passive  microwave  data?  Bragg 
scattering,  geometric  optics,  and  foam  are  three  possibilities. 

2)  What  are  the  sensitivities  of  the  passive  microwave  vector 
wind  measurement  to  highly-evolved  sea  states  and  two-scale 
composite  seas?  Non-local ly  generated  long-waves  are  a  known 
source  of  uncertainty  for  scatterometer  wind  retrievals.  To  what 
extent  are  passive  microwave  techniques  also  susceptible  to 
long-wave  induced  uncertainties? 

3)  What  is  the  range  of  environmental  parameters  under 
which  wind  direction  can  be  measured?  Flow  does  rain,  water 
vapor,  temperature,  salinity,  etc.  affect  the  measurement  of  wind 
direction? 

4)  Does  robust  vector  wind  measurement  require  that  the 
ocean  surface  be  observed  near-simultaneously  from  multiple 
directions  (e.g.  fore-aft  scanning)  or  is  the  addition  of  a 
polarimetric  channel  sufficient  for  wind  direction  measurement? 

5)  What  is  the  optimal  incidence  angle  for  measuring  the 
vector  wind  field  using  passive  microwave  radiometers?  The 
current  operational  SSM/I  scans  at  an  angle  of  53°.  Should  this 
incidence  angle  be  adopted,  or  is  there  an  alternative  incidence 
angle  that  would  result  in  improved  system  performance? 

6)  What  are  the  optimal  frequencies  for  observing  wind 
direction  variations?  Preliminary  results  indicate  that  19  and  37 
GHz  sensors  are  both  capable  of  measuring  wind  direction 
during  periods  of  moderate  winds.  Is  this  a  robust  result?  Can 
lower  frequency  (e.g.  -10  GHz)  radiometers  extend  the  range  of 
valid  wind  speed  and  direction  sensing  to  higher  wind  speed 
regimes  and  regions  of  more  adverse  environmental  conditions? 

7)  Can  a  radiometer  with  sufficient  stability  be  designed  to 
reliably  measure  the  small  brightness  temperature  variations 
associated  with  wind  direction?  What  is  the  optimum  hardware 
implementation  for  measuring  the  Stokes  vector  with  the 
required  accuracy? 

8)  What  does  a  preliminary  wind  direction  retrieval  algorithm 
look  like?  What  wind  direction  ambiguities  exist  in  the  data  and 
what  are  the  best  methods  of  ameliorating  their  effects? 

9)  How  do  we  assimilate  high-resolution,  asynoptic,  wind 
vectors  into  atmospheric  numerical  models  so  as  to  produce 
improved  weather  forecasts  and  analyses. 

To  address  these  questions  and  explore  the  limits  of  passive 
microwave  vector  wind  remote  sensing,  the  All-weather,  Earth- 
observing,  Ocean,  Land,  Ice  Sensor  (AEOLIS)  program  v/as 
established  [3].  This  program  consists  of  laboratory  and 
theoretical  studies  augmented  by  analysis  of  existing  space- 
based  data  sets  and  an  aggressive  aircraft  instrument 
development  program. 
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FUTURE  PLANS 

Data  collected  by  instrumented  aircraft  are  critical  for 
addressing  many  of  these  questions.  Aircraft  flights  during  1996 
will  take  place  in  the  Gulf  of  Mexico.  Plans  are  still  evolving 
for  this  field  program,  but  the  intent  is  to  acquire  radiometer  data 
under  poorly  understood  low  wind  speed  regimes.  In  situ  wind 
vector  data  for  these  flights  will  be  acquired  from  the  NOAA 
operational  meteorological  buoys 

Flights  during  1997  will  be  coordinated  with  the  post-launch 
validation  campaigns  for  NSCAT,  which  will  be  launched  on 
ADEOS  in  August  1996  (Fig.  2).  These  multi-radiometer 
aircraft  flights  are  nominally  planned  for  January  in  the  Labrador 
Sea  to  provide  radiometer  data  during  high  wind  events  with 
highly  evolved  sea  states  (Question  2).  In  situ  data  for  this 
experiment  will  consist  of  a  moored  meteorological  buoy, 
drifting  pressure,  temperature,  and  wind  speed  sensors,  and 
detailed,  high-resolution  atmospheric  numerical  model  analyses. 
These  in  situ  measurements  are  being  collected  under  the 
auspices  of  the  Office  of  Naval  Research,  Deep  Convection 
Accelerated  Research  Initiative,  and  the  NASA  NSCAT 
calibration-validation  program. 

SPACECRAFT  DEMONSTRATION  OPPORTUNITIES 

Several  national  spacecraft  programs  are  under  development 
that  represent  potential  opportunities  to  test  passive  microwave 
remote  sensing  of  ocean  surface  vector  winds.  The  NASA  New 
Millennium  Program  (NMP)  has  been  announced.  It  focuses  on 
technology  development  and  therefore,  is  a  prime  candidate  for 
the  development  of  a  microwave,  vector  wind  sensor.  The 
NASA  Earth  System  Science  Pathfinder  (ESSP)  program  will  be 
announced  later  this  summer  and  is  chartered  with  providing 
low-cost  missions  focused  on  high  priority  Earth  system  science 
research.  Again,  a  passive  microwave  wind  sensor  would  fit 
comfortably  within  this  program  and  would  fill  critical  research 
and  operational  needs.  Within  the  Department  of  Defense,  the 
Advanced  Technology  Demonstration  (ATD)  program  and  the 
Space  Test  Program  (STP)  also  represent  viable  avenues  for 
developing  a  spacecraft-borne  demonstration  of  this  technology. 

CONCLUSIONS 

A  spacecraft-borne  demonstration  of  this  exciting  new 
microwave  technology  is  justified  and  should  be  undertaken 
before  the  end  of  this  decade  [3].  Furthermore,  it  should  overlap 
in  time  with  active  microwave  sensors  to  allow  the  results  from 
the  two  sensors  to  be  compared.  Research  completed  to  date  [3] 
suggest  that  these  next  generation  radiometers  should  include: 

1)  a)  newly  developed  polarimetric  circuitry  and  b)  scan 
techniques  that  permit  the  same  footprint  on  the  ocean  surface  to 
be  viewed  near-simultaneously  from  at  least  two  different 
directions.  Both  of  these  modifications  add  information  that  is 
currently  unavailable  from  the  SSM/I,  information  that  is 


essential  for  an  improved  signal-to-noise  ratio  for  wind  direction 
retrievals. 

2)  Research  with  aircraft  and  satellite  data  further  indicate  that 
future  sensors  should  scan  at  incidence  angles  between  50°  and 
65°  to  insure  adequate  spatial  coverage  without  compromising 
radiometer  wind  direction  sensitivity  (i.e.  maintaining  a  strong 
signal-to-noise  ratio). 

3)  Research  also  shows  that  the  sensor  should  include  two 
polarimetric  radiometers  with  frequencies  in  the  18  to  37  GHz 
range,  and  an  ~22  GHz  non-polarimetric  radiometer.  This  will 
permit  wind  speed  and  direction  to  be  retrieved  and  to  correct 
these  retrievals  for  atmospheric  moisture  effects. 

4)  The  data  processing  system  should  build  on  the  long-term 
investment  in  civilian  and  military  computer  weather  model 
development  by  merging  the  satellite  data  with  computer¬ 
generated  wind  products  using  data  assimilation  techniques. 
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Abstract  -  A  multiband  microwave  polarimetric  scan¬ 
ning  radiometer  (PSR)  has  been  constructed  for  airborne 
observations  from  the  NASA  DC-8  airborne  platform. 
The  primary  application  of  the  PSR  is  the  development  of 
optimal  spaceborne  hardware  configurations  and  retrieval 
algorithms  for  passive  wind- vector  sensing  over  the  ocean 
surface.  Four  radiometers,  operating  at  10.7,  18.7,  37, 
and  89  GHz,  each  measure  the  first  three  modifed  Stokes’ 
parameters  {Ty,  Th,  and  Tc/).  A  gimballed  mechanism  al¬ 
lows  observations  at  any  incident  angle  within  a  cone  of 
^  70"  half-angle  around  nadir.  The  PSR’s  four  radiome¬ 
ters  and  two-axis  scanning  capability  will  provide  unique 
polarimetric  data  for  microwave  emission  studies  of  both 
ocean  and  land  surfaces,  as  well  as  atmospheric  clouds 
and  precipitation. 

1.  INTRODUCTION 

Airborne  remote  sensing  instruments  can  provide  criti¬ 
cal  data  needed  for  spaceborne  sensor  and  retrieval  algo¬ 
rithm  development.  Given  the  recent  mandates  for  low- 
cost  Earth  probes,  airborne  measurements  have  become 
all  the  more  important  to  such  development.  Indeed,  for 
only  a  small  fraction  of  the  cost  of  a  comparable  space¬ 
borne  system,  an  airborne  sensor  can  provide  a  wealth  of 
data  for  determining  the  optimal  configuration  of  space¬ 
borne  hardware  and  geophysical  estimation  algorithms. 
We  describe  here  a  new  instrument  for  passsive  microwave 
remote  sensing  from  airborne  platforms  which  provides 
several  unique  capabilities.  The  Polarimetric  Scanning 
Radiometer  (PSR)  was  developed  to  provide  wideband 
spectral  coverage  with  tri-polarimetric  (three  Stokes’  pa¬ 
rameter)  capability  using  a  variety  of  scan  modes.  The 
primary  application  of  the  PSR  is  the  development  of  op¬ 
timal  hardware  configurations  and  retrieval  algorithms  for 
passive  wind- vector  sensing  over  the  ocean  surface.  Ad¬ 
ditional  applications  include  high-resolution  polarimetric 
imaging  of  clouds,  convective  precipitation,  sea  ice,  and 
(to  a  lesser  degree)  soil  moisture. 

2.  INSTRUMENT  DESCRIPTION 

This  work  was  supported  by  ONR  grant  N00014-95-1-0426, 
NASA  grant  NAGW  4191,  and  the  Georgia  Institute  of  Technology. 


The  PSR  consists  of  four  gimbal-mounted  radiome¬ 
ters  operating  at  10.7,  18.7,  37,  and  89  GHz  (Figure  1). 
Each  radiometer  measures  the  first  three  modified  Stokes’ 
parameters  (T^,  —  {\Ey\‘^),  Th  ~  (|E'/iP),  and  Tu  = 
2Re{EyEl)).  Analog  detection  hardware  is  used  to  mea¬ 
sure  the  orthogonal  brightness  temperatures,  Ty  and  T/^. 
A  recently  developed  three-level  digital  correlator  operat¬ 
ing  at  1  GS/s  has  been  implemented  for  the  measurement 
of  Tu.  This  combination  of  receiver /detector  technology 
allows  precise  calibration  using  only  two  (hot  and  cold) 
non-polarized  calibration  standards. 

A  dual-band  feedhorn  antenna  with  integrated  lens  pro¬ 
vides  3-dB  beamwidths  of  8"  and  2.3"  at  10.7  and  37  GHz, 
respectively.  The  antenna  uses  a  corrugated  scalar  feed- 
horn  along  with  a  grooved  rexolite  lens.  Orthomode  cou¬ 
plers  are  used  to  obtain  the  orthogonally-polarized  signals. 
Two  similar  single-band  lens/feedhorn  antennas  operating 
at  18.7  and  89  GHz  have  3-dB  beamwidths  of  8"  and  2.3", 
respectively.  These  beamwidths  correspond  to  nadir  spot 
sizes  from  200  to  700  meters  when  operated  at  a  nominal 
altitude  of  5  km.  Polarization  isolation  within  the  princi¬ 
pal  planes  is  typically  better  than  30  dB.  While  conven¬ 
tional  double  sideband  superheterodyne  radiometers  are 
used  for  the  37  and  89  GHz  channels,  single  sideband  re¬ 
ceivers  with  HEMT  front-end  amplifiers  are  used  for  the 
10.7  and  18.7  GHz  channels.  Other  important  radiometric 
specifications  are  provided  in  Table  1 .  The  block  diagram 
for  the  typical  PSR  radiometer  is  shown  in  Figure  2. 

The  digital  correlators  are  comprised  of  three  basic 
components:  (1)  high-speed  analog- to-digital  converters 
(ADC),  (2)  three-level  multipliers,  and  (3)  ripple  accumu¬ 
lators,  The  baseband  radiometer  signals  are  sampled  and 
quantitized  into  three  levels  at  10^  samples  per  second. 
Following  discretization,  the  signal  samples  are  multiplied 
and  the  resulting  products  are  accumulated  in  a  24-bit 
ripple  counter.  The  accumulated  value  is  converted  into 
an  estimated  analog  correlation  coefficient  using  methods 
presented  in  [1].  With  the  appropriate  threshold  levels, 
the  three  level  correlator  achieves  a  sensitivity  of  0.81 
relative  to  a  perfect  analog  correlator  [2]. 

The  correlators  use  discrete  high-speed  ECL  compo¬ 
nents  to  achieve  a  fast  sampling  rate  and  wide  bandwidth. 
The  high-speed  ECL  signals  exhibit  transition  times  of 
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<  250  ps;  therefore,  the  digital  signals  have  spectral  con¬ 
tent  Z  4  GHz.  The  circuit  is  fabricated  on  low-loss  wo¬ 
ven  PTFE  double-sided  copper-clad  circuit  board.  All 
high-speed  components  (both  passive  and  active)  are  sur¬ 
face  mount  devices.  Microstrip  transmission  lines  with 
terminating  resistors  form  signal  interconnections.  The 
use  of  such  microwave  digital  design  techniques  eliminates 
ringing  and  minimizes  transition  time,  thus  maximizing 
the  correlator  bandwidth.  When  sampled  at  the  Nyquist 
rate,  each  correlator  measures  an  IF  band  of  width  500 
MHz.  The  use  of  several  correlators  along  with  IF  sub¬ 
band  splitting  hardware  provides  a  total  IF  channel  band¬ 
width  equal  to  a  multiple  of  the  bandwidth  for  a  single 
correlator. 

The  PSR  gimbal  structure  allows  the  radiometer  an¬ 
tennas  to  be  scanned  in-flight  using  two  independent  de¬ 
grees  of  freedom  (azimuth  and  elevation).  The  mechanism 
permits  a  number  of  scanning  modes,  including  conical, 
cross-track,  and  spot-light  modes.  These  scan  modes  may 
include  any  observation  angle  within  a  cone  of  ~  70^  half¬ 
angle  around  nadir.  (A  fence  is  located  in  front  of  the 
instrument  to  reduce  wind  loading;  this  fence  limits  the  di¬ 
rect  forward  view  to  53^  from  nadir.)  A  programmable 
controller  operates  two  sealed,  low-temperature  stepper 
motors  with  position  feedback  obtained  using  two  12-bit 
optical  encoders  providing  0.088^  pointing  knowledge. 

Electrical  power  is  supplied  to  the  instruments  in  the 
drum  via  slip-rings,  thus  allowing  continuous  rotation  of 
the  radiometer  drum  in  both  axes.  Maximum  motor 
torque  is  75  N-m  (100  ft-lbf),  providing  a  minimum 
scan  rate  of  one  line  every  three  seconds.  Passive  motor 
brakes  are  used  to  prevent  windmilling  in  the  event  of 
power  loss. 

Calibration  of  the  PSR  is  accomplished  by  viewing  two 
unpolarized  blackbody  standards,  one  at  ambient  temper¬ 
ature  (^  250  K)  and  one  heated  to  310  K.  Each  stan¬ 
dard  consists  of  absorber  material  fastened  to  a  metal 
heat  sink  and  contained  within  a  closed-cell  styrofoam 
insulating  jacket.  Using  the  digital  correlator,  only  two 
such  calibration  standards  (hot  and  cold)  are  needed  to 
calibrate  both  the  total  power  channels  {Ty  and  Th)  and 
the  cross-correlating  channel  (Tc/).  Blackbody  tempera¬ 
tures  are  measured  at  eight  locations  on  each  standard 
using  RTD  sensors  embedded  in  the  absorbing  material. 
The  scanhead  drum,  slip  rings,  and  calibration  loads  are 
purged  in-flight  with  dry  nitrogen  to  protecting  the  ra¬ 
diometers,  electronics,  and  other  sensitive  materials  from 
water  vapor  and  condensation. 

Radiometric  data  is  collected  by  a  computer  located 
within  the  scanning  drum.  This  remote  system  communi¬ 
cates  with  the  main  computer  via  a  lO-base-2  local  area 
network.  The  main  computer  system,  used  for  interac¬ 


tive  experiment  control  and  data  logging,  is  located  in  the 
cabin  of  the  aircraft.  Temperature  data  from  the  calibra¬ 
tion  standards  is  stored  in  a  RAM  cache  and  transferred 
via  an  RS232  interface  for  storage  by  the  data  acquisition 
system.  Data  from  the  various  sources  are  time-stamped 
using  time  generators  synchronized  to  IRIG-B  signals, 
thus  facilitating  precise  temporal  registration.  A  video 
camera  is  located  within  the  scanhead  and  co-boresighted 
with  the  radiometer  antennas. 

3.  APPLICATIONS 

Dual-polarized  radiometer  data  from  the  DMSP  SSM/I 
instrument  has  been  shown  to  be  useful  for  the  measure¬ 
ment  of  the  oceanic  wind  vector  [3] .  Recently,  the  utility 
ofTu  was  experimentally  observed  by  [4,  5].  Specifically, 
azimuthal  brightness  variations  of  Tu  were  shown  to  be 
similar  in  amplitude  to  those  of  Ty  and  Th,  but  in  phase 
quadrature.  Tu  appears  to  be  relatively  insensitive  to  un¬ 
polarized  emissions  from  clouds.  The  paucity  of  available 
polarimetric  data,  however,  has  hindered  the  development 
of  an  optimal  passive  wind-vector  sensor.  The  PSR  is 
unique  in  that  it  is  the  first  aircraft  instrument  designed 
to  both  verify  and  help  improve  passive  wind  vector  sens¬ 
ing  techniques  applicable  to  spaceborne  observation  sys¬ 
tems.  Importantly,  images  of  the  upwelling  Stokes  pa¬ 
rameters  can  be  made  over  a  wide  microwave  frequency 
range  (X-  to  W-band)  with  channels  comparable  to  the 
SSM/I,  SSM/I-S,  and  EOS  MIMR  sensors,  and  over  a 
wide  range  of  surface  incident  angles.  Thus,  the  conically 
scanned  imagery  from  the  PSR  will  be  critical  to  both 
the  developement  of  wind  vector  retrieval  algorithms  and 
the  optimal  configuration  for  a  spaceborne  wind  vector 
sensor. 

Since  the  launch  of  the  first  SSM/I  in  1987,  this  in¬ 
strument  has  been  used  to  map  convective  precipitation 
rate,  cloud  liquid  water,  ice  content,  and  integrated  wa¬ 
ter  vapor,  along  with  sea  surface  parameters.  Improve¬ 
ments  in  global  equatorial  coverage  could  be  obtained 
using  a  slightly  wider  cone-angle  than  provided  by  the 
SSM/I.  The  requirement  of  global  equatorial  coverage  at 
the  SSM/I  altitude  of  833  km  in  turn  requires  a  greater 
surface  incident  angle  (^  63^).  Underflights  of  the  SSM/I 
using  the  PSR  will  be  useful  in  assessing  the  impact  of 
such  an  increase  in  the  angle  of  incidence  on  the  accu¬ 
racy  of  the  above  retrieved  parameters.  In  addition,  the 
PSR  will  be  useful  as  a  post-launch  underflight  sensor  for 
calibration  and  validation  purposes. 

4.  SUMMARY 

PSR  components  are  currently  being  assembled  at  the 
Georgia  Institute  of  Technology,  with  initial  flights  being 
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planned  for  May-June,  1996.  A  second  set  of  lights  fo¬ 
cussing  on  passive  wind  vector  sensing  is  being  planned 
for  January  1997  over  the  Labrador  Sea  area.  With  its 
multispectral  polarimetric  measurement  capabilities  the 
PSR  will  provide  important  data  necessary  for  the  devel¬ 
opment  of  passive  wind- vector  sensing  techniques.  Future 
deployments  of  the  PSR  are  being  planned  in  conjunction 
with  the  NASA  Tropical  Rainfall  Measurement  Mission 
(TRMM)  and  with  calibration/ validation  studies  in  sup¬ 
port  of  the  National  Polar-Orbitting  Operational  Envi¬ 
ronmental  Satellite  System  (NPOESS). 

Acknowledgements:  The  authors  would  like  to  thank  R. 
Davidson,  J.  Baloun,  and  M.  Tucker  of  the  Raytheon 
Corporation;  C.  Campbell,  E.  Panning,  D.  Kunkee,  E. 
Thayer,  and  S.  Sharpe  of  the  Georgia  Institute  of  Technol¬ 
ogy  for  valuable  contributions  to  the  design  of  the  PSR; 
and  Dr.  M.  Van  Woert  of  the  U.S.  Office  of  Naval  Re¬ 
search  for  his  support. 

REFERENCES 

[1]  S.  R.  Kulkarni  and  C.  Heiles,  “How  to  obtain  the 
true  correlation  from  a  3-level  digital  correlator”,  The 
Astronomical  Journal^  vol.  85,  no.  10,  pp.  1413-1420, 
October  1980. 


Figure  1:  Three-dimensional  CAD  rendering  of  PSR  il¬ 
lustrating  instrument  drum  and  gimbal  mount.  Support 
structure  has  been  removed  for  clarity. 


[2]  B.  F.  C.  Cooper,  “Correlators  with  two-bit  quantiza¬ 
tion”,  Aust,  J.  Phys.^  vol.  23,  pp.  521-527,  1970. 


[3]  F.  J.  Wentz,  “Measurement  of  oceanic  wind  vector 
using  satellite  microwave  radiometers” ,  IEEE  Trans. 
Geosci.  Remote  Sensing.,  vol.  30,  no.  5,  pp.  960-972, 
September  1992. 

[4]  S.  Yueh,  W.  Wilson,  F.  Li,  S.  Nghiem,  and  W. 
Ricketts,  “Polarimetric  measurements  of  sea  surface 
brightness  temperatures  using  an  aircraft  K-band  ra¬ 
diometer”,  IEEE  Trans.  Geosci.  Remote  Sensing.,  vol. 
33,  no.  1,  pp.  85-92,  January  1995. 

[5]  A.  J.  Gasiewski  and  D.  B.  Kunkee,  “Polarized  mi¬ 
crowave  emission  from  water  waves”,  Radio  Sci.,  vol. 
29,  no.  6,  pp.  1449-1466,  December  1994. 


Dual-  Dual  Detectors 

Polarization  Channei  IF  &  Video 

Antenna  Receiver  Amplifiers  Amplifiers 


Figure  2:  Block  diagram  of  the  typical  PSR  radiometer. 


Table  1.  Radiometer  specifications 


Band 

X 

Ku 

K 

W 

Frequency  (GHz) 

10.4-10.8 

18.4-19.0 

36-38 

86-92 

Receiver  type 

SSB/HEMT 

SSB/HEMT 

DSB/LO 

DSB/LO 

IF  bandwidth  (MHz) 

400 

500 

1000 

2000 

Receiver  temp.  (K) 
Sensitivity  (K)  for 

250 

350 

550 

800 

10  ms  integration 

0.24 

0.29 

0.27 

0.24 

3-dB  beamwidth 

3-dB  spot  size  (km) 
at  5  km  altitude: 

8° 

8° 

2.3^^ 

2.3^ 

nadir 

0.70 

0.70 

0.20 

0.20 

53°  incidence 

1.1  X1.9 

1.1  XI. 9 

0.32  X0.55 

0.32  X0.55 
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Abstract-This  paper  presents  ocean  surface  wind  direction 
retrievals  using  polarimetric  radiometer  data  collected  during 
the  WINDRAD’94  experiment.  The  results  suggest  that 
unambiguous  direction  retrievals  are  realizable  with  passive 
microwave  polarimeters. 

INTRODUCTION 
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The  global  ocean  surface  wind  speed  and  direction  is 
essential  information  for  short-term  weather  forecasts  and 
warnings,  climatology  and  oceanography  studies  in  both  the 
civilian  and  military  sectors.  Historically,  spaceborne 
scatterometers  such  as  SASS  [1]  aboard  SeaSat  and  the 
Active  Microwave  Instrument  (AMI)  aboard  the  European 
Environmental  Remote-Sensing  Satellites  (ERS-1  and  ERS-2) 
have  provided  global  ocean  surface  wind  vector  information. 
Passive  microwave  sensors,  such  as  the  Special  Sensor 
Microwave/Imager  (SSM/I),  [2], [3]  aboard  the  Defense 
Meteorological  Satellite  Platforms  (DMSP),  also  provide 
information  about  the  ocean  surface  winds,  but  the  current 
sensor  designs  of  SSM/I  and  the  future  SSMIS  only  allow  for 
wind  speed  measurements. 

The  SSM/I  and  SSMIS  sensors  both  measure  the 
magnitude  of  the  vertically  and  horizontally  polarized 
brightness  temperatures,  Ty  and  Th-  Ty  ad  Th  are  both  even 
functions  of  the  relative  wind  direction,  which  is  defined  as 
the  angle  between  the  radiometer  look  angle  and  the  wind 
direction.  Since  Ty  and  Th  are  both  even  functions,  the  wind 
direction  cannot  be  determined  unambiguously  using  the 
current  SSM/I  or  SSMIS  measurement  scheme.  Research 
results  by  [3],  [4]  have  shown  that  the  direction  can  be 
extracted  from  SSM/I  data  by  using  different  sensor  look 
angles  (ascending  and  descending  passes).  Unfortunately, 
this  method  does  not  meet  operational  requirements.  Recent 
research  results  [5],  [6],  have  also  demonstrated  that  usable 
direction  information  is  obtained  by  measuring  the  correlation 
between  and  Th.  Measurement  of  the  correlation  between 
7v  and  Th  yields  the  third  and  fourth  parameter  of  the  Stokes' 
vector,  F,  where  F  is  defined  by  [7] 
0-7803-3068-4/96$5.00©1996  IEEE 


Both  U  and  V  have  been  shown  to  behave  in  a  similar 
fashion  [6],  [8],  where  U  has  the  more  robust  signal.  U  and  V 
are  odd  functions  of  the  relative  wind  direction,  which  is 
opposite  that  of  Ty  and  Th.  Together  Ty,  Th  and  U  provide 
enough  information  to  unambiguously  solve  for  the  wind 
speed  and  direction. 

Several  recent  aircraft  experiments  have  investigated  the 
ocean  surface  microwave  scattering  and  emission 
characteristics,  and  how  these  apply  to  wind  vector  retrievals 
[9],  [10].  The  brightness  temperature  variations  with  azimuth 
angle  are  clearly  evident,  where  the  peak-to-peak  brightness 
temperature  modulation  appears  to  vary  from  about  3-5  K  at 
moderate  wind  speeds  to  less  than  1  K  at  low  wind  speeds.  Ty 
reaches  its  peak  value  at  about  the  upwind  direction,  and  7),  is 
at  a  maximum  in  the  cross-wind  directions.  The  measured 
brightness  temperatures  also  appear  to  exhibit  a  similar 
upwind/downwind  asymmetry  that  has  been  measured  by 
scatterometers. 

EXPERIMENT  AND  DATA  ANALYSIS 

The  JPL  WINDRAD  system  consists  of  two  polarimetric 
radiometers  operating  at  19  and  37  GHz,  which  are  two  of  the 
SSM/I  frequencies.  These  radiometers,  which  were  installed 
on  the  NASA  DC-8  aircraft,  measure  Ty,  Th  and  U.  U  is 
measured  indirectly  by  measuring  the  ±45°  linear 
polarizations.  The  19  GHz  radiometer  can  be  configured  to 
measure  V.  However,  this  was  done  for  only  three  data  sets 
and  this  study  does  not  include  that  data.  The  radiometer  data 
were  averaged  over  approximately  32  samples  to  obtain 
sensitivities  of  0.028  Kelvin  for  the  Ty  and  Th  data,  and  0.04 
Kelvin  for  the  U  and  V  data.  The  WINDRAD'94  experiment 
was  jointly  conducted  by  JPL  and  NRL  in  1994  off  the 
California  and  Oregon  coast.  Circles  flights  were  flown  over 
several  NOAA  National  Data  Buoy  Center  (NDBC)  buoys  for 
comparisons  with  in  situ  data.  Each  flight  was  flown  at  three 
bank  angles  to  acquire  data  at  45°,  55°  and  65°  incidence 
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angles.  The  selected  NDBC  buoys  reported  the  wind  speed 
and  direction  only  once  per  hour;  several  other  ocean  surface 
parameters  such  as  sea  surface  temperature,  near  surface  air 
temperature,  and  significant  wave  height  were  also  reported 
hourly.  Polarimetric  radiometer  data  was  collected  at  wind 
speeds  from  2  m/s  to  10  m/s  under  clear  and  cloudy  skies. 

Fig  1.  plots  Ty,  Th  and  f/  at  19  and  37  GHz  measured  at  55° 
incidence  as  a  function  of  relative  wind  direction  to  illustrate 
the  typical  azimuth  modulation  observed  in  the 
WINDRAD'94  data.  These  measurements  are  consistent  with 
other  experimental  data  and  theoretical  predictions  [3],  [10]. 
For  example,  7^  reaches  a  maximum  at  the  upwind  direction, 
and  Th  reaches  a  maximum  in  the  cross  wind  directions.  U 
displays  maximums/minimums  around  45°  azimuth. 

RESULTS 


Fig.  2.  Single-look  retrieval  of  wind  direction  at  45 
with  wind  speeds  of  3-10  m/s.. 


Several  wind  vector  retrieval  algorithms  were  developed 
using  a  neural  network  approach  with  the  WINDRAD'94 
data  set.  The  retrieval  algorithms  were  evaluated  as  a 
function  of  frequency,  incidence  angle  and  in  situ  data.  The 
scatter  plots  in  Figs.  2,3,4  and  5  show  the  direction  retrieval 
performance  of  the  one-look  neural  network  algorithm  using 
Tv,  Th  and  U  at  19  and  37  GHz  measured  at  45°,  55°  and  65° 
incidence. 
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Fig  1.  Sample  37  GHz  polarimetric  radiometer  data  set 
at  55°. 


Fig.  3.  Single-look  retrieval  of  wind  direction  at  55 
with  wind  speeds  of  3-10  m/s. 


Fig.  4.  Single-look  retrieval  of  wind  direction  at  55 
with  wind  speeds  of  6-10  m/s. 


Fig.  5.  Single-look  retrieval  of  wind  direction  at  65° 
with  wind  speeds  of  6-10  m/s. 

Note  that  much  of  the  scatter  or  error  in  the  direction 
retrieval  is  due  to  the  lower  wind  speed  data  (<  3  m/s),  which 
is  seen  in  Figs.  3  and  4  where  wind  direction  retrievals  are 
plotted  for  the  same  retrieval  algorithm  with  and  without  the 
low  wind  speed  data,  respectively. 

The  RMS  errors  for  the  wind  retrievals  are  listed  in  Table 
1.  Please  note  that  the  RMS  errors  are  not  meaningful  as  an 
absolute  measure  of  retrieval  accuracy  since  the 
WINDRAD94  data  set  is  very  limited,  but  rather  the  listed 
errors  are  to  be  used  as  an  aid  in  comparing  the  different 
measurement  configurations  considered  in  this  study  using  the 
WINDRAD’94  data  set. 

The  NDBC  buoys  also  reported  other  in  situ  parameters 
which  included  sea  surface  temperature,  air  temperature  and 
significant  wave  height.  Including  these  parameters  in  the 
neural  network  algorithm  resulted  in  marginal  wind  retrieval 
improvements  which  can  most  notably  be  seen  at  the  lower 
wind  speeds. 

CONCLUSIONS  AND  RECOMMENDATIONS 

This  study  has  demonstrated  that  unambiguous  wind 
direction  retrievals  are  possible  using  a  passive  sensor. 
However,  several  issues  remain  that  warrant  further  study  to 
assure  that  user  requirements  will  be  fully  satisfied.  In 


particular,  the  WINDRAD’94  lacks  high  wind  speed  data 
(>15  m/s)  and  data  in  presence  of  varying  concentrations  of 
water  vapor  and  cloud  liquid  water.  Knowledge  of  the  wind 
retrieval  performance  under  these  limiting  conditions  is 
essential  to  gauge  the  full  utility  of  these  data  to  the 
operational  community. 
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Table  1,  RMS  Error  of  Wind  Direction  Retrievals 


Incidence 

Angle 

19/37  GHz  (u=3-10 
m/s) 

19/37  GHz  (u=6-10 

m/s) 

19/37  with  Buoy 

Data 

45° 

57.7° 

29.9° 

— 

55° 

42.3° 

35.9° 

— 

65° 

— 

25.5° 

21.9° 
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Abstract  -  One  of  the  main  objectives  of  the  Coastal  Ocean 
Probing  Experiment  was  to  observe  internal  wave  (IW) 
manifestations  by  using  microwave  radiometers  mounted  on  a 
blimp.  IW  parameters  were  simultaneously  measured  directly 
by  R/V  FLIP  and  by  Ka-band  and  X-band  doppler  radar  from 
the  shore.  Comparison  with  in  situ  data  permits  us  to  determine 
IW  speed  and  the  phase  of  surface  roughness  modulation  with 
respect  to  near-surface  currents. 

INTRODUCTION 

The  variation  of  the  brightness  temperature  measured  by 
microwave  radiometers  is  related  mainly  to  a  change  in  the  sea 
surface  roughness.  An  internal  wave  (IW)  in  the  ocean  produces 
a  variable  current  near  the  surface  which  modulates  the  surface 
wave  spectrum.  This  is  the  reason  for  the  sensitivity  of 
microwave  radiometers  and  radars  to  internal  ocean  processes. 
Nevertheless,  despite  an  intensive  study  of  this  phenomenon  [1- 
3]  some  aspects,  important  for  the  understanding  of  air-sea 
interaction,  are  not  clear. 

INTERNAL  WAVE  OBSERVATIONS 

The  Coastal  Ocean  Probing  Experiment  (COPE)  was  conducted 
off  the  Oregon  coast  during  September-October  1995.  An 
airship  (blimp)  was  used  as  a  platform  for  a  microwave  dual- 
frequency  radiometer  (23  GHz  (v.p.)  and  31  GHz  (h.p.)),  a 
microwave  polarimeter  (37  GHz),  two  IR  radiometers  and  a 
video  camera,  all  of  which  were  installed  on  the  port  side  of  the 
blimp.  The  sensitivity  was  about  0.1  K  at  1  s.  integration  time 
for  the  dual-frequency  radiometer  and  0.05  K  at  1  s.  integration 
time  for  the  polarimeter.  The  antenna  half-power  beam  widths 
were  about  3.6°  and  6°  for  the  dual-frequency  and  polarimetric 
radiometers,  respectively.  Along  with  the  ETL  instrumentation, 
an  X-band  radar,  altimeter,  and  IR  imager  operated  by  Applied 
Physics  Laboratory,  University  of  Washington,  were  installed 
on  the  blimp.  The  air  and  sea  temperatures,  wind  speed  and 
direction,  momentum  fluxes,  ocean  currents,  etc.  were  measured 
from  the  R/V  FLIP  at  a  fixed  point  about  24  km  from  the 
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shoreline.  The  depth  at  the  FLIP  site  was  about  150  m. 
Simultaneously,  IW  manifestations  were  observed  by  ETL  Ka- 
band  and  X-band  doppler  radars  at  vertical,  horizontal,  and 
cross  polarizations  from  the  shore.  The  area  is  characterized  by 
strong  IW,  generated  more  or  less  periodically  by  a  tide  on  the 
edge  of  the  shelf  and  propagating  mainly  toward  the  shore. 
Sometimes  a  packet  of  IW  can  be  clearly  seen  as  regular  strips 
of  rough  and  smooth  water  on  the  ocean  surface. 

One  of  the  strongest  waves  was  registered  on  September  25, 
1995.  Fig.  1  shows  the  trajectory  of  the  blimp  flight,  and  the 
square  denotes  the  position  of  R/V  FLIP,  Arrows  indicate  wind 
direction  and  the  directions  of  the  blimp  flight.  The  wind  was 
about  5  m/s  along  the  internal  waves  that  propagated  from  the 
west  to  the  east.  Several  passes  were  made  across  the  IW. 
Intersections  of  the  slick  areas  are  indicated  by  the  sequences  of 
crosses  and  diamonds.  The  local  reduction  of  the  sea-surface 
roughness  leads  to  a  decrease  of  the  brightness  temperature  at 
all  viewing  angles  for  horizontal  polarization  and  at  the  angles 
less  than  55°  from  nadir  for  vertical  polarization,  so  that  the 
marked  points  correspond  to  minima  of  the  microwave 
brightness  temperature. 


Sept.25,  1995 


Fig.l.  The  blimp  flight  trajectory,  wind  direction  and 
FLIP  position  during  IW  observation. 


1126 


22.9  22.95  23  23.05  23.1  23.15  23.2  23.25  23.3  23.35  23.4 

UTC,  hours 

b) 

Fig.2.  The  brightness  temperature  variations  related  with 
modulation  of  the  surface  roughness  by  IW,  measured  by 
the  dual-frequency  radiometer  (a)  and  by  the  polarimeter 
(b). 


The  radiometric  signal  variations  related  to  IW  surface 
manifestations  are  presented  in  Fig.  2.  Fig.  2a  shows  the 
brightness  temperature  measured  by  the  dual-frequency 
radiometer  and  Fig.  2b  the  brightness  temperature  measured  by 
the  37  GHz  polarimeter  at  vertical  and  horizontal  polarizations. 
Observation  angles  were  about  62°  for  the  dual-frequency 
radiometer  and  17°  for  the  polarimeter.  Here,  the  crosses 
indicate  the  slick  positions,  which  are  shown  in  Fig.l. 

During  another  pass  the  same  IW  were  registered  in  a 
different  position  (Fig.  1).  In  this  case  the  observation  angle  was 
16°  for  the  23/31  GHz  radiometer  and  22°  for  the  37  GHz 
radiometer  (Fig.  3).  From  these  data  it  is  easy  to  estimate  the 
speed  of  IW  as  about  0.82  m/s.  This  is  a  very  large  value,  so  the 
waves  are  probably  strongly  non-linear  solitons.  It  is  interesting 
that  during  the  first  pass  the  23  GHz  channel  at  vertical 
polarization  (Fig.  2a)  almost  does  not  reveal  any  variations, 
contrary  to  all  other  channels,  but  during  the  second  pass 
(Fig. 3a)  it  shows  the  same  dependencies  as  the  others.  We 


24  24.05  24.1  24.15  24.2  24.25  24.3  24.35  24.4  24.45  24.5 

UTC,  hours 


a) 


24  24.05  24.1  24.15  24.2  24.25  24.3  24.35  24.4  24.45  24.5 

UTC,  hours 

b) 

Fig. 3.  The  same  as  Fig.2  during  another  cross  of  IW 
packet.  Diamonds  correspond  to  the  points  on  Fig.l. 


UTC,  hours 


Fig.4.  Horizontal  current  measured  form  the  FLIP  near¬ 
surface. 

attribute  it  to  insensitivity  of  the  microwave  radiation  at  vertical 
polarization  to  the  surface  roughness  at  observation  angles  about 
55°  from  nadir  [4]. 

Simultaneously  with  the  blimp  observations  the  IW 
parameters  were  measured  directly  from  the  FLIP.  Fig.  4  shows 
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the  value  of  the  horizontal  current  near  the  sea  surface  versus 
time.  Note  again  an  extremely  high  amplitude  of  the  variations 
which  is  also  an  indication  of  strong  non-linearity  of  the  waves. 

Finally,  using  the  fact  that  blimp  and  FLIP  measurements  are 
close  in  time  and  space,  we  made  an  attempt  to  relate  surface 
roughness  modulations  with  the  phase  of  the  currents.  Our 
estimation  shows  that  the  slick  areas,  marked  on  Fig.  1  -  3  as 
crosses  and  diamonds,  are  very  close  to  the  maxima  of  the 
horizontal  currents.  Very  probably,  the  relative  position  of  the 
currents  and  surface  roughness  modulation  strongly  depends 
upon  the  mutual  orientation  of  the  wind  direction  and 
propagation  of  the  waves. 

CONCLUSION 

The  COPE  experiment  is  characterized  by  very  detailed  in  situ 
measurements  of  the  main  physical  parameters  of  the 
atmosphere  and  ocean.  Unfortunately,  the  case  when  wind 
blows  along  the  IW  is  more  difficult  for  modeling  than  the  two- 
dimensional  problem.  Nevertheless,  the  analysis  of  well 
calibrated  radiometric  and  radar  data  along  with  accurate  in  situ 
measurements  are  very  important  for  understanding  the  IW 
evolution,  surface  wave  modulation,  and  interaction  between 
the  atmosphere  and  the  upper  ocean. 
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ABSTRACT 


An  inherently  broadband  asymmetric- wave  geometrical  optics 
(AWGO)  model  of  the  upwelling  thermal  radiation  over  the 
ocean  was  used  to  investigate  the  contributions  of  wave  asym¬ 
metry,  foam,  and  the  down  welling  (background)  radiation  pro¬ 
file  to  the  passive  oceanic  wind  direction  signature.  Signatures 
at  K-  and  /fa-band  (19  and  37  GHz)  were  calculated  using 
a  Monte-Carlo  ocean  surface  simulation.  The  investigation 
showed  that  at  angles  near  the  SSM/I  observing  angle,  Th  and 
Tu  are  sensitive  but  Tv  is  insensitive  to  wave  asymmetry.  How¬ 
ever,  Tv  was  found  to  be  sensitive  and  Tu  insensitive  to  the 
placement  of  foam  on  the  waves.  Sensitivity  to  the  background 
radiation  profile  was  investigated  by  varying  the  atmospheric 
temperature  and  humidity  profiles.  For  changes  of  ^  33%  in 
atmospheric  water  vapor  from  a  global  mean  value,  only  slight 
variation  (~  0.2  K)  in  the  upwind/downwind  brightness  tem¬ 
perature  difference  for  either  polarization  resulted. 


1.  INTRODUCTION 


A  potentially  less  expensive  alternative  to  measuring  wind- 
direction  by  scatterometry  is  to  use  passive  radiometry.  The 
optimal  design  of  a  spaceborne  passive  wind-vector  sensor, 
however,  would  benefit  from  a  better  understanding  of  the 
physical  nature  of  the  upwelling  brightness  temperature  sig¬ 
nature  than  has  yet  been  presented.  In  this  paper  we  use 
an  Asymmetric-Wave  Geometrical  Optics  (AWGO)  model  to 
investigate  anisotropic  broadband  ocean  surface  phenomena. 
The  model  incorporates  two  physical  mechanisms  that  are 
particularly  relevant  to  the  passive  problem:  ocean  foam  and 
gravity-wave  anisotropy.  The  model  is  based  on  Monte  Carlo 
ocean  surface  simulations  and  a  broadband  geometrical  optics 
(GO)  radiation  model  for  the  upwelling  Stokes  parameters. 
The  combined  GO  and  MC  model  is  corroborated  by  the  ob¬ 
served  SSM/I  brightness  temperature  signatures  at  19  and  37 
GHz  over  the  open  ocean  for  moderate  sea  states  [1].  Details 
about  the  model  formulation  can  be  found  in  Gasiewski  and 
Kunkee  [2,  3]. 

Using  the  AWGO  model,  perturbations  to  the  amounts  of 
ocean  foam  and  wave  asymmetry  show  that  both  of  these  fea- 

^This  work  was  supported  by  NASA  grants  NAG  5-1490 
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tures  have  a  major  impact  on  the  upwelling  wind  direction  sig¬ 
natures.  Unfortunately  the  amount  of  ocean- wave  asymmetry 
at  wavelengths  applicable  to  a  GO  emission  model  is  somewhat 
poorly  characterized  by  existing  statistical  ocean  models.  Al¬ 
though  the  total  foam  coverage  as  a  function  of  wind  speed 
is  well  established  (e.g.  [4]),  there  is  a  paucity  of  information 
on  the  distribution  of  foam  over  gravity  (long)  ocean  waves. 
Therefore,  it  is  useful  to  investigate  the  sensitivities  of  the 
upwelling  polarimetric  signatures  to  both  ocean-wave  asym¬ 
metry  and  foam  distribution  for  future  model  refinement  and 
airborne  studies. 

The  upwelling  brightness  temperature  over  the  open  ocean 
consists  of  surface  emission  and  downwelling  energy  that  is  re¬ 
flected  into  the  observation  direction.  Indeed,  previous  studies 
of  emission  from  wave-covered  water  surfaces  at  W-band  have 
shown  the  importance  of  the  background  radiation  profile  in 
modelling  upwelling  brightness  temperature  anisotropies  [2]. 
The  level  of  downwelling  radiation  at  19  and  37  GHz  {K-  and 
Jfa-band)  is  lower  compared  to  W-band,  however,  this  down¬ 
welling  radiation  remains  important  at  these  lower  frequen¬ 
cies.  Although  no  seasonal  or  latitudinal  variation  of  observed 
passive  signatures  has  yet  to  be  shown,  any  sensitivity  to  the 
downwelling  component,  and  hence,  the  atmospheric  water  va¬ 
por  profile  suggested  by  the  AWGO  model  may  be  useful  for 
future  studies. 


2.  GEOMETRICAL  OPTICS  MODEL 


The  use  of  a  GO  emission  model  is  supported  by  considera¬ 
tion  of  the  applicability  of  the  Kirchoff  approximation  (KA) 
to  water  wave  scattering.  The  widely  accepted  criterion  of 
Beckmann  and  Spizzichino,  [5]  bounds  the  minimum  radius 
of  curvature  of  the  surface;  the  region  of  validity  is  given  as 
2krccos0  >  1  where  Tc  is  the  minimum  local  radius  of  cur¬ 
vature  of  the  surface,  k  is  the  electrical  wavenumber,  and  0  is 
the  local  angle  of  incidence. 


The  Beckman  criterion  can  be  applied  to  a  wind-driven 
ocean  surface  by  calculating  the  root-mean-square  (rms)  cur¬ 
vature  (rx{w)  =  \J {X'^)  from  the  curvature  spectrum  X(K^  w) 
by: 

-.1/2 


(Tx{w)  = 


/oo  noo  J 

/  X(K,  w)d^K 

•oo  «/  — oo 


(1) 


where  K  is  the  surface  wave  vector  {\K\  =  K),  X  =  V^z[x,y) 
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is  the  surface  curvature,  and  z{x^y)  is  the  surface  height  func¬ 
tion.  Calculations  of  (rx{w)  using  the  curvature  spectrum 
given  by  Apel,  [6]  are  shown  in  Fig.  1  (bold  solid  line,  up¬ 
permost  curve)  for  wind  speeds  0  <  <  24  m/sec.  Included 

are  curves  showing  the  electromagnetic  frequency  fs  at  which 
2kcos0s  =  3crx  for  various  observation  angles  $s,  that  is, 
fs  =  (^Tr/4:)c(Tx/cos0s  where  c  is  the  velocity  of  light.  At 
this  frequency  the  Beckman  criterion  using  Tc  >  holds  by 
at  least  a  factor  of  three.  For  a  surface  for  which  the  curvature 
is  a  Gaussian-distributed  random  variable  this  condition  will 
hold  over  68.3%  of  the  surface.  Alternately,  we  may  interpret 
fs  as  the  frequency  at  which  the  Beckman  criterion  will  be  sat¬ 
isfied  with  equality,  but  over  more  than  99.7%  of  the  surface. 
Under  these  conditions  the  KA  (and  hence,  GO)  is  applica¬ 
ble.  Using  Fig.  1  it  can  be  seen  that  such  GO  conditions  occur 
for  all  wind  speeds  considered  (0  <  <  24  m/sec)  for  the 

89-GHz  SSM/I  channel  {Os  =  53.1°  )  and  nearly  so  for  the 
37-GHz  SSM/I  channel.  (GO  conditions  occur  for  the  SSM/I 
37-GHz  channel  for  all  wind  speeds  below  ~  12  m/sec.)  For 
the  19-GHz  SSM/I  channel  the  Beckman  criterion  is  satisfied 
with  equality  over  ^  80%  of  the  surface.  In  this  case,  the  the¬ 
oretical  justification  for  GO  modelling  of  the  SSM/I  19  GHz 
■channels  (especially  at  high  wind  speeds)  is  marginal.  How¬ 
ever,  at  reduced  viewing  angles  (e.g.  30°)  GO  is  applicable  at 
19  GHz. 


spheric  profile  assumed  50%  surface  relative  humidity  (SRH) 
and  a  2  km  scale  height  with  a  temperature  profile  interpreted 
to  34°N.  latitude  in  July. 


Figure  2.  Polarimetric  brightness  temperature  vs.  wave  an¬ 
gle  at  19  GHz.  Five  level  of  asymmetry  and  two-models  for 
incorporating  ocean  foam  were  used  to  indicate  the  sensitivity 
of  the  wind-direction  signatures  to  wave- asymmetry  and  foam. 


Figure  1.  The  RMS  curvature  of  a  wind-driven  ocean  surface 
versus  wind  speed  (in  bold).  The  right-hand  ordinate  shows 
the  frequency  at  which  2jb(cos  0s)/o-x{'w)  ==  3. 


3.  SENSITIVITY  TO  WAVE  ASYMMETRY  AND 
FOAM 


The  AWGO  model  was  used  to  determine  the  sensitivity  of 
the  first  three  Stokes  parameters,  {Tv,  Th  and  Tu)  to  wave 
asymmetry  and  foam.  Azimuthal  wind-direction  signatures  at 
19  GHz  and  an  observation  angle  of  30°  were  calculated  from 
simulated  wind-driven  sea  surfaces  under  the  following  condi¬ 
tions  (Fig.  2):  (1)  all  foam  concentrated  on  the  leeward  side 
of  breaking  waves  and  (2)  foam  distributed  over  the  leeward 
and  windward  slopes  of  the  breaking  waves.  The  total  foam 
coverage  was  the  same  in  both  studies.  Similarly,  calculations 
were  performed  for  five  levels  of  wave  asymmetry;  starting 
with  a  symmetric  wave-train  (no  asymmetry)  to  the  full  value 
of  asymmetry  prescribed  by  Cox  and  Munk  [7].  The  atmo- 


The  above  brightness  temperature  signatures  can  be  de¬ 
scribed  by  using  the  azimuthal  Fourier  amplitudes,  Ban  and 
phases,  ^an,  defined  by: 

oo 

Tan{0s)  =  ^  Ban{0s)  COS  [n<t>s  -f-  $an(^s)]  ^  {Ta{0s))  (2) 
n=0 

where  (Ta)  is  the  mean  (azimuthal)  brightness,  a  is  the  polar¬ 
ization,  n  is  the  azimuthal  harmonic  and  (f>s  is  the  azimuthal 
observation  angle  with  respect  to  the  water  wave  vector  (wave 
azimuthal  angle).  For  an  upwind  observation  <f)s  =  0°. 

The  above  sensitivity  study  showed  that  at  the  30°  observ¬ 
ing  angle,  Th  and  Tu  are  sensitive  but  Tv  is  relatively  insensi¬ 
tive  to  wave  asymmetry.  The  characteristics  of  the  azimuthal 
variation  in  Tv  changed  only  slightly  when  the  amount  of  wave- 
asymmetry  was  adjusted  over  the  full  range  using  either  foam 
model.  However,  the  Fourier  harmonics  {Ban  of  Th  and  Tu 
were  largely  affected  by  the  amount  of  wave  asymmetry.  In 
particular,  Tu  appears  to  be  an  excellent  indicator  of  wave 
asymmetry  due  to  the  variation  in  its  zero-crossing  point  near 
90°  and  270°  wave  azimuthal  angle. 
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The  vertically-polarized  brightness  temperature  was  found 
to  be  very  sensitive  to  the  distribution  of  ocean-foam  on  the 
surface.  The  Tv  brightness  temperature  at  ^180°  is  signifi¬ 
cantly  lower  when  the  leeward-side  foam  model  is  used.  Simi¬ 
larly,  for  Th,  a  brightness  temperature  depression  is  also  noted 
at  ^180°  but  the  effect  is  not  as  great.  The  Tu  brightness 
temperature  was  found  to  be  very  insensitive  to  placement  of 
foam.  This  was  expected  due  to  the  Tu  insensitivity  to  base¬ 
line  brightness  temperatures  in  general  (e.g.  variations  in  Tv 
and  Th). 


4,  SENSITIVITY  TO  THE  ATMOSPHERIC 
WATER  VAPOR  PROFILE 


Due  to  spatial  and  temporal  variability  of  the  atmospheric 
water  vapor  profile,  the  sensitivity  of  the  wind  direction  signa¬ 
tures  to  a  change  in  the  water  vapor  profile  was  investigated. 
In  particular,  the  upwelling  signature  at  ty  =  8  m/s  and  53°  os- 
ervation  was  simulated  using  a  mean  global  atmospheric  water 
porfile  and  compared  to  the  similar  signature  calculated  using 
the  U.S.  standard  50%  SRH  profile  with  a  temperature  profile 
iterated  to  34° N.  latitude  for  July.  The  pressure  and  temper¬ 
ature  profile  for  the  mean  global  atmosphere  was  derived  from 
the  Air  Research  and  Development  Command  (ARDC)  model 
atmosphere  [8].  The  mean  global  water  vapor  profile  was  based 
on  the  annual  zonal-mean  cross  sections  of  the  specific  humid¬ 
ity  [9],  however,  the  SRH  was  increased  slightly  from  the  sug¬ 
gested  77.5%  to  80%  (1.7  km  scale  height)  because  the  relative 
humidity  is  higher,  in  general,  over  the  oceans  than  over  the 
land.  This  increase  is  supported  by  maps  of  the  global  distri¬ 
bution  of  surface  specific  humidity. 

The  differences  between  the  above  two  atmospheric  profiles 
can  be  summarized  by  the  temperature  and  water  vapor  den¬ 
sity  at  the  surface.  For  the  U.S.  standard  atmosphere  in  this 
investigation,  the  temperature  at  the  surface  was  301.71  K 
compared  with  288.16  K  for  the  mean  global  profile.  Simi¬ 
larly,  the  water  vapor  densities  at  the  surface  are  15.6  g/m^ 
and  10.6  g/m^  (respectively).  This  has  the  effect  of  reducing 
the  downwelling  background  brightness  temperature  at  zenith 
from  27.18  K  to  23.31  K. 

The  signatures  calculated  using  each  atmospheric  profile  are 
shown  in  Fig.  3.  The  reduction  of  atmospheric  water  vapor  re¬ 
duced  the  upwind/downwind  asymmetry  {Bai)  in  both  the  Tv 
and  Th  signatures.  The  effect  on  the  peak-to-peak  azimuthal 
variation  of  Tv  and  Th  was  also  small;  however,  the  study 
suggests  that  some  spatial  or  sen<=onal  variation  in  the  wind- 
direction  signatures  exist.  Although  no  spatial  or  seasonal 
variation  of  the  wind  direction  signature  was  noted  in  the 
SSM/I  observations,  the  atmospheric  sensitivity  shown  here 
does  not  appear  to  be  large  enough  to  indicate  an  inconsis¬ 
tency  with  the  SSM/I  observations. 


5.  CONCLUSION 

Based  on  a  study  of  the  curvature  spectrum  of  a  wind-driven 
ocean  surface,  and  application  of  the  primary  Beckmann  cri¬ 
terion,  the  use  of  a  GO  emission  model  to  simulate  upwelling 
brightness  temperatures  over  the  ocean  is  justified  at  37  GHz 
for  wind  speeds  ^12  m/s  and  53°  observation  from  nadir.  At 
19  GHz,  and  similar  conditions,  use  of  a  GO  model  was  shown 
to  be  marginal.  However,  when  the  observation  angle  (from 
nadir)  is  reduced,  the  study  suggests  that  the  GO  approxima¬ 
tion  is  improved. 


Figure  3.  Monte-Carlo  simulation  of  the  37-GHz  Tv  and  Th 
perturbations:  (1)  using  the  U.S.  standard  atmosphere  (34°  N 
latitude,  July,  and  50%  SRH)  and  (2)  the  estimated  mean 
global  atmosphere  over  the  ocean.  The  simulations  are  com¬ 
pared  to  the  SSM/I  observations  by  Wentz,  [1]:  (a)  ATv  (b) 
ATh. 

The  AWGO  sensitivity  studies  suggest  that  at  30°  observa¬ 
tion,  Th  and  Tu  are  sensitive  but  Tv  is  less  sensitive  to  wave 
asymmetry.  However,  Tv  was  found  to  be  sensitive  and  Tu 
insensitive  to  the  placement  of  foam  on  the  waves.  The  study 
will  help  identify  the  optimum  uses  of  Ty,  Th  and  Tu  for  re¬ 
mote  sensing  of  ocean  surface  wind-direction  and  also  may  aid 
airborne  studies  of  polarimetric  signatures.  Corroboration  of 
the  above  results  with  observed  wind-direction  signatures  is 
also  limited  by  the  paucity  of  information  on  the  distribution 
of  foam  over  wind-driven  ocean  waves.  Although  the  AWGO 
modelled  signatures  are  affected  by  the  atmospheric  water  va¬ 
por  profile,  the  model  suggests  that  this  dependence  is  not 
significant  at  the  SSM/I  observing  angle  of  53°. 
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Abstract  -  A  preliminary  geophysical  model  function, 
relating  the  sea  surface  brightness  temperatures  to  ocean 
surface  wind  speed  and  direction,  was  developed  using 
the  data  acquired  at  45°,  55°,  and  65°  incidence  angles 
by  Jet  Propulsion  Laboratory’s  (JPL)  aircraft  19-  and 
37-GHz  polarimetric  radiometers  in  1994  and  1995.  Ra¬ 
diometric  temperatures  from  all  polarization  channels  un¬ 
der  cloud-free  conditions  showed  clear  dependence  on  sur¬ 
face  wind  direction.  When  there  were  stratus  or  scattered 
clouds,  Ty  and  Th  were  significantly  infiuenced  by  the  ra¬ 
diation  from  cloud  water,  but  the  polarimetric  channel 
U  was  found  to  be  insensitive  to  clouds.  The  Fourier 
harmonic  coefficients  of  the  wind  direction  signals  were 
derived  from  experimental  data  and  related  to  the  wind 
speed  and  direction,  incidence  angle  and  frequency.  In 
general,  all  harmonic  coefficients  increase  from  low  to 
moderate  wind  speeds,  except  the  sin2(^  component  of 
U  at  65°  incidence,  which  peaked  at  low  winds  with  a 
peak-to-peak  amplitude  of  0.6  to  1  Kelvin  at  about  3  m/s 
winds.  At  moderate  wind  speeds,  45°  incidence  angle  ex¬ 
hibits  larger  second  harmonic  signals,  but  smaller  first 
harmonic  signals,  than  higher  incidence  angles.  Wind  di¬ 
rection  signals  were  similar  in  19  and  37  GHz  channels, 
but  the  37  GHz  channel  showed  a  slightly  stronger  wind 
direction  sensitivity  than  the  19  GHz  channel.  The  re¬ 
sults  suggest  promising  applications  of  passive  microwave 
radiometers  to  ocean  wind  vector  measurements. 


INTRODUCTION 

There  has  been  an  increasing  interest  in  the  application  of 
passive  microwave  radiometers  for  ocean  wind  vector  mea¬ 
surements  [l]-[9].  Aircraft  radiometer  measurements  per¬ 
formed  at  near  normal  incidence  angles  [1,  7],  the  SSM/I 
data  at  53°  incidence  angle  [2],  and  the  aircraft  polarimet¬ 
ric  radiometer  measurements  acquired  at  30°  to  50°  [8] 
have  found  the  dependence  of  sea  surface  brightness  tem¬ 
perature  on  wind  direction  over  a  large  range  of  incidence 
angles.  However,  these  experimental  data  are  insufficient 
for  designing  a  spaceborne  sensor  for  ocean  wind  sens¬ 
ing.  To  obtain  a  better  understanding  of  the  frequency 
dependence,  a  Ka-band  (37  GHz)  polarimetric  radiome¬ 
ter  was  built  and  integrated  with  the  K-band  (19  GHz) 
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radiometer  used  in  the  1993  WINDRAD  experiments  [8]. 
The  dual-frequency  system  was  integrated  with  the  NASA 
DC-8  and  fiown  in  July- August  1994  and  March-May  and 
September  1995  over  ocean  buoys  to  obtain  more  exten-* 
sive  measurements  from  45°  to  65°  incidence  angles. 

MICROWAVE  POLARIMETRIC  RADIOMETRY 

Electromagnetic  waves  emitted  from  natural  media  due 
to  random  thermal  motion  of  electric  charges  are  in  gen¬ 
eral  partially  polarized.  To  fully  characterize  the  polar¬ 
ization  state  of  a  partially  polarized  thermal  radiation  re¬ 
quires  four  Stokes  parameters  7,  Q,  U,  and  V.  1=% 
represents  the  total  radiated  energy  and  Q=Ty  —  Th  the 
polarization  balance.  Ty  and  Th  are  the  brightness  tem¬ 
peratures  of  vertical  and  horizontal  polarizations,  while 
U  and  V  characterize  the  correlation  between  these  two 
orthogonal  polarizations.  A  typical  approach  for  U  and 
V  measurements  is  to  carry  out  the  power  measurements 
at  45°-linear,  — 45°-linear,  left-hand-circular,  and  right- 
hand-circular  polarizations.  By  denoting  the  brightness 
temperature  measurements  at  these  four  polarizations  as 
T45,  T_45,  Tl,  and  Tr,  U  and  V  can  be  derived  from 
these  four  brightness  measurements  as  f/  =  ^45  —  T_45 
and  V  =  Tl-  Tr, 

For  wind-generated  sea  surfaces,  the  surface  spectrum 
is  expected  to  be  symmetric  with  respect  to  the  wind  di¬ 
rection  {(l>iv)-  Denote  the  azimuthal  observation  angle  of 
radiometer  look  direction  with  (f>r  and  the  relative  azimuth 
angle  with  (j)  =  —  <j)r-  Yueh  et  al.  [10]  derived  from 

Maxwell’s  equations  using  reflection  symmetry  that  Ty 
and  Th  are  even  functions  of  and  IJ  and  V  are  odd 
functions  of  <^.  Hence,  expanded  to  the  second  harmonic 


% 

TyO  Tyl  COS  Ty  2  COS  2<j) 

(1) 

Th 

'y.  Tho  +  Thi  cos  (j)  -h  Th2  cos  2<f) 

(2) 

U 

(3) 

V 

Vi  sin  (f)-\-V2  sin  2(j) 

(4) 

All  coefficients  are  functions  of  surface  wind  speed,  inci¬ 
dence  angle,  and  frequency.  There  are  also  indications 
that  the  sea  surface  spectrum  is  influenced  by  the  pres- 

ence  of  large  waves  and  the  atmospheric  boundary  layer 
stability.  Since  sea  surface  brightness  temperatures  are 
influenced  by  the  surface  scattering,  it  is  therefore  pos¬ 
sible  that  the  harmonic  coefficients  are  also  functions  of 
surface  temperatures  and  significant  wave  height. 
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Figure  1.  Tv\  and  Tv2  from  19.35  and  37  GHz  JPL  wind  ra¬ 
diometer  channels  versus  wind  speed  at  5  m  elevation,  (a) 
e  =  45°,  (b)  e  =  55°,  and  (c)  9  =  65°. 

PRELIMINARY  GEOPHYSICAL  MODEL 

A  dual-frequency  polarimetric  radiometer  system  operat¬ 
ing  at  19  GHz  (K  band)  and  37  GHz  (Ka  band)  has  been 
built  and  installed  on  the  NASA  DC-8  aircraft  for  ocean 
wind  measurements.  This  dual-frequency  system  was  an 
upgrade  of  the  19  GHz  polarimetric  radiometer  used  in  the 
first  WINDRAD  experiment  in  November  1993  [8],  A  se¬ 
ries  of  aircraft  flights  were  carried  out  in  1994  and  1995  to 
acquire  polarimetric  sea  surface  brightness  temperatures 
with  the  dual- frequency  polarimetric  radiometer  system. 
Circle  flights  were  performed  over  the  National  Data  Buoy 
Center  (NDBC)  moored  buoys  deployed  off  the  US  west 
coast,  which  provided  ocean  wind  speed  and  direction 
measurements.  A  set  of  flights  were  performed  near  the 
Hurricane  Juliette  in  September  1995,  and  the  ground 
truth  was  obtained  by  the  dropsonde  launched  from  the 
DC-8.  The  K-  and  Ka-band  antenna  horns  were  mounted 
on  the  DC-8  windows  at  a  fixed  angle.  The  DC-8  was 
banked  at  three  different  angles  to  measure  the  data  at 
the  nominal  incidence  angles  of  45^,  55®,  and  65®,  and 
performed  circle  flights  to  acquire  data  from  all  azimuth 
angles  with  respect  to  the  surface  wind  direction.  There 
were  clear  wind  direction  signals  in  all  polarization  chan¬ 
nels  under  clear  sky  conditions.  When  there  were  stratus 
or  scattered  clouds,  the  radiation  from  clouds  would  ob¬ 
scure  the  wind  direction  signals  in  %  and  Th ,  but  had  no 
significant  influence  on  the  azimuthal  modulations  in  U . 

The  Fourier  coefficients  shown  in  Eqs.  (1)  to  (3)  were 
calculated  with  a  minimum  mean  square  error  fit  to  the 
data.  Figures  1  to  4  illustrate  the  harmonic  coefficients 
for  the  data  acquired  for  clear  skies  and  thin  clouds.  In 
general,  all  harmonic  coefficients  had  an  increasing  trend 
from  low  to  moderate  wind  speeds,  except  U2  at  65®  inci¬ 
dence,  which  peaked  at  about  3  m/s  winds.  These  figures 
show  a  few  Kelvin  peak-to-peak  signals  in  Q  =  %  — 
and  U  channels  at  moderate  wind  speeds,  but  only  a  few 


Figure  2.  Thi  and  Th2  from  19.35  and  37  GHz  JPL  wind 
radiometer  channels  versus  wind  speed  at  5  m  elevation,  (a) 
9  =  45°,  (b)  9  ~  55°,  and  (c)  9  ~  65°. 

tenths  of  one  Kelvin  at  2  to  3  m/s  winds.  The  harmonic 
coefficient,  which  is  most  sensitive  to  the  wind  direction 
at  low  winds,  is  U2  at  65®  incidence.  It  is  unclear  why  U2 
at  65®  peaked  at  about  3  m/s  wind  speed,  but  low  wind 
measurements  from  1994  and  1995  confirmed  the  repeata¬ 
bility  of  this  signal. 

The  signatures  of  19  and  37  GHz  data  are  very  simi¬ 
lar  for  all  incidence  angles.  This  was  observed  in  all  data 
collected  throughout  the  flight  experiments.  This  could 
be  due  to  the  nature  of  sea  surfaces,  which  are  known  to 
have  a  wavenumber  spectrum  closely  following  a  power 
law,  and  are  thus  nearly  self-similar  at  various  scales  like 
a  fractal  surface.  Hence,  although  19  and  37  GHz  ther¬ 
mal  emissions  interact  with  different  parts  of  the  spec¬ 
trum,  the  length  scales  of  surface  dominating  the  scat¬ 
tering  would  appear  similar  at  these  two  frequencies,  if 
normalized  by  the  electromagnetic  wavelength.  However, 
the  37  GHz  channel  was  shown  to  be  more  sensitive  to  the 
wind  direction  than  the  19  GHz  channel.  We  do,  however, 
expect  that  the  19  GHz  channel  to  be  less  sensitive  to  at¬ 
mospheric  effects  than  the  37  GHz  channel. 

SUMMARY 

A  preliminary  geophysical  model  function  for  the  sea  sur¬ 
face  brightness  temperatures  in  incidence  angle  range  of 
45®  to  65®  was  developed  using  the  data  from  a  series 
of  dual-frequency  airborne  radiometer  flights  in  1994  and 
1995.  Dependence  of  the  wind  direction  signals  in  polari¬ 
metric  brightness  temperatures  on  frequency,  incidence 
angle,  and  wind  speed  were  discussed.  Further  flight  ex¬ 
periments  to  acquire  data  at  high  wind  (above  15  m/s) 
are  necessary  for  a  more  complete  evaluation  of  the  wind 
speed  dependence  of  wind  direction  signals.  The  effects 
of  other  atmospheric  and  oceanic  variables,  such  as  air 
and  sea  surface  temperatures  (SST)  and  significant  wave 
height  also  need  to  be  quantified  to  understand  the  lim- 
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1st  and  2nd  Harmonics  of  Q 


Clear  Sky  and  Thin  Clouds 


Figure  3.  Qi  and  Q2  from  19.35  and  37  GHz  JPL  wind  ra¬ 
diometer  channels  versus  wind  speed  at  5  m  elevation.  Q  = 
Tv  -  Th.  (a)  0  =  45^  (b)  ^  =  55^  and  (c)  0  =  65°. 

itation  of  passive  microwave  radiometry  and  to  develop 
techniques  to  reduce  these  effects. 
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ABSTRACT 

The  atmosphere  influence  on  sea-surface  emission  is 
discussed  in  the  context  of  passive  microwave  polarimetry 
application  for  surface  wind  vector  retrieval.  Two  aspects 
of  the  problem  are  considered.  First,  the  atmosphere 
stability  affects  sea  surface  roughness  and  therefore  its 
emissivity.  This  dependence  restricts  the  accmucy  of  wind 
speed  retrieval  algorithm.  A  feasible  way  of  algorithm 
correction  is  proposed.  The  second  issue  addressed  is 
atmospheric  attenuation  of  microwaves.  A  simplified 
radiative  transfer  equation  is  used  to  estimate  this  effect, 
and  to  correct  wind  retrieval  algorithm  for  atmospheric 
attenuation. 

INTRODUCTION 

The  sea  surface  thermal  microwave  emission  depends 
on  several  factors,  such  as  water  temperature,  salinity, 
foam  cover,  wind-generated  waves.  The  atmosphere 
affects  sea  surface  emissivity  because  the  ocean- 
atmosphere  interaction  influences  on  surface  geometry. 
That  is  why  sea  surface  emission  may  be  used  in  remote 
sensing  as  an  indicator  of  atmospheric  processes,  say 
near-smface  wind. 

The  near-surface  wind  generates  short  surface  waves 
(ripples).  These  waves  modify  sea  surface  roughness 
causing  brightness  temperature  dependence  on  wind 
speed.  Further  still  the  angular  anisotropy  of  the  ripples 
leads  to  azimuthal  dependence  of  brightness  temperature. 
At  nadir  view  angle  this  angular  dependence  manifests 
itself  in  polarizational  anisotropy  of  thermal  emission:  sea 
surface  brightness  temperature  reaches  its  maximum 
when  polarization  plane  coincides  with  wind  vector,  and 
it  is  minimal  for  orthogonal  vector.  This  effect  may  be 
used  successfully  for  surface  wind  speed  and  direction 
remote  determination.  The  algorithm  of  wind  vector 
retrieval  from  passive  microwave  polarimeter  data  was 
briefly  described  in  [1]. 

This  paper  is  addressed  to  the  atmosphere  influence  on 
an  accuracy  of  wind  vector  retrieval  algorithm.  First,  the 
dependence  of  the  algorithm  parameters  on  atmosphere 
boundary  layer  stability  is  discussed.  A  transition  from 
stable  stratification  to  unstable  affects  radically  the  air-sea 


interaction  conditions.  The  damping  of  the  ripples  under 
stable  stratification  conditions  causes  the  wind  speed  to 
be  underestimated.  To  improve  the  accuracy  of  wind 
retrieval  algorithm,  this  effect  should  be  taken  into 
account.  And  second,  atmospheric  attenuation  of 
microwaves  should  be  considered  as  well.  The  absorption 
along  the  path  from  sea  surface  to  a  sensor  leads  to 
depolarization  of  surface  self-emission.  This  causes  the 
retrieved  wind  speed  to  be  underestimated  imder  cloudy 
conditions. 

The  experimental  results  presented  hereafter  were 
obtained  in  frames  of  Joint  US/Russia  experiment 
JUSREX  [2].  The  JUSREX  was  conducted  in  July  1992 
on  the  continental  shelf  off  the  east  coast  of  the  USA 
approximately  60  nmi  south  of  the  eastern  end  of  Long 
Island.  One  Russian  and  two  US  remote  sensing  aircrafts 
participated  in  the  experiment.  Russian  research  vessel 
"Ac.  Ioffe"  collected  oceanographic,  meteorological  and 
remote  sensor  'ata. 

This  paper  dis  usses  the  data  obtained  with  Ka-band 
(37  GHz)  radiometer-polarimeter.  The  polarimeter 
measured  brightness  temperature  at  four  linear 
polarizations:  -45°,  0°,  45°,  and  90°  about  the  flight 
direction.  Fluctuation  sensitivity  of  the  instrument  was 
0.15K  for  Is  integration  time.  A  type  of  antenna  used  was 
a  corrugated  conical  horn. 

During  the  experiment,  winds  were  generally  light  to 
moderate,  ranging  from  a  few  meters  per  second  up  to 
about  12m/s.  The  atmospheric  boundary  layer 
stratification  varied  between  slightly  stable  and  slightly 
unstable. 

THE  INFLUENCE  OF  ATMOSPHERIC 

STABILITY  ON  POLARIZATION  ANISOTROPY 

JUSREX  has  given  us  a  good  opportunity  to  examine 
the  atmospheric  stability  influence  on  polarizational 
anisotropy.  The  results  of  this  study  were  reported  in  [3]. 
Here  we  briefly  outline  the  principal  results,  and  propose 
a  correction  for  wind  retrieval  algorithm. 

The  polarimeters  aboard  TU-134CX  were  used  for 
surface  wind  vector  retrieval.  When  the  aircraft  flew  close 
to  "Ac.  Ioffe,"  this  remotely  measured  wind  speed  ( Vradio) 
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could  be  compared  with  true  surface  wind  speed.  We 
have  selected  the  data  when  the  distance  between  the 
aircraft  flight  pass  and  "Ac.  Ioffe”  was  less  than  ISkrn. 
The  total  amount  of  such  points  reaches  22.  Before  the 
comparison,  polarimeter  data  were  averaged  over  40s 
interval  (that  corresponds  approximately  to  61an  flight 
pass)  to  reduce  random  errors.  Surface  wind  speed  was 
recalculated  from  the  anemometer  height  30m  into 
reference  height  10m.  This  recalculated  wind  speed  is 
denoted  by 

In  Fig.l  the  value  of  polarizational  anisotropy  A  is 
plotted  versus  surface  wind  speed  separately  for 

stable  and  unstable  stratification  of  atmosphere  boundary 
layer.  Solid  line  is  square  approximation; 

^=19.0610-’  (1) 


that  we  used  for  wind  speed  retrieval  from  polarizational 
measurements.  Two  clusters  of  points  differ  considerably. 
The  RMS  difference  between  true  surface  wind  speed 
and  remotely  retrieved  from  (1)  for  these  22 
experimental  points  is  as  large  as  2.8m/s. 

To  correct  the  algorithm,  one  may  establish  different 
coefficients  for  rmstable  and  stable  (or  neutral) 
stratification.  This  algorithm  with  empiric  coefficients  will 
look  as: 


/5.85  if  zJL<Q 
\  12.8  if  z/iiO 


(2) 


where  negative  parameter  z/L  describes  unstable 
stratification,  and  vice  versa.  Such  a  simple  correction 
allowed  RMS  difference  reducing  to  1.33m/s.  Separate 
approximations  (2)  are  shown  in  Fig.  1  with  dashed  lines. 

Obvious  weakness  of  algorithm  (2)  is  a  drop  of 
retrieved  speed  in  aireas  of  transition  from  stable  to 
unstable  stratification.  To  avoid  this,  a  bit  more 
complicated  correction  may  be  suggested.  In  Fig.2  [3]  the 
value  ^^VradiJ^mete^  is  plotted  versus  stabiUty 
parameter  Evidently,  in  the  transition  region 

-0.25<^Z.<0.25  the  dependence  in  semi-log  axes  can  be 
described  hnearly.  To  improve  the  accuracy  of  surface 
wind  speed  retrieval,  this  correlation  should  be  taken  into 
accoimt.  Thus  (1)  was  modified  as: 

(3) 


where  coefficients  were  derived  from  the  data  presented 
in  Fig.2,  namely: 


oo 

VC 

II 

c=o 

if 

z/I<-0.25 

J?=0.37;  ^ 

^=9.83;  C 

=0.89 

if 

-0.25iZ/Z;i:0.25  (4) 

[  ^=12.62; 

C=0 

if 

Z/i>0.25 

The  resulting  RMS  difference  was  0.86m/s.  Of  course, 
the  statistics  of  presented  experiment  are  insufficient  to 

derive  the  coefficients  at  reasonable  accuracy,  especially 


Figure  1  The  dependence  of  polarizational  anisotropy 
A  7^  on  surface  wind  speed 

for  extremely  stable  or  xmstable  conditions.  However,  a 
tendency  of  retrieval  algorithm  improvement,  if 
atmospheric  stability  is  accounted  for,  is  obvious. 

THE  WIND  ALGORITHM  CORRECTION  FOR 
ATMOSPHERIC  ABSORPTION 


For  wind  retrieval  short  centimeter  and  millimeter 
waves  are  usually  applied  because  at  these  bands  wind- 
induced  polarizational  anisotropy  ranges  up  to  several 
Kelvins.  On  the  other  hand,  atmospheric  absorption  for 
these  waves  is  significant  as  well.  This  leads  to 
depolarization  of  sea  surface  self-emission.  The  effect 
may  be  estimated  using  the  radiative  transfer  equation. 

Sea  surface  brightness  temperature  7^  received  by  a 
radiometer  from  a  height  H  in  linear  polarization  A^at  an 


angle  0  from  nadir  will  be: 


(5) 


here  7^  -  surface  temperature;  T^p  -  upwelling  brightness 
temperature  of  atmosphere  layer  between  a  surface  and  a 
radiometer;  -  downwelling  brightness  temperature 


Figure  2  The  dependence  of  discrepancy  function 
ln(  Keteo)  on  stability  parameter  z/L 
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of  the  total  atmosphere;  R=R^g+R^  -  surface 
scattering  coefficient  at  polarization  X  into  the  upper 
hemisphere;  R^q  -  Fresnel  coefficient;  R^^  -  the 
scattering  coefBcient  perturbation  due  to  the  wind;  I  {H) 

-  the  absorption  of  atmosphere  layer  of  the  height  H. 
The  brightness  difference  at  two  orthogonal  polarizations 
will  be; 

Ty  (6) 

cos  0 

The  atmospheric  attenuation  decreases  A  7^  as  it  causes 
both  I  and  to  increase.  A  simple  correction 

procedure  may  be  supposed  under  the  following 
assumption:  atmosphere  effective  temperature  to  be 
constant  and  equal  to  7^  In  [4]  it  was  shown  that  such 
a  simpUfication  results  in  brightness  error  of  a  few 
Kelvins  for  fiequencies  far  from  vapor  and  Oj  absorption 
lines.  Thus  for  nadir  view  angle  a  correction  may  be 
achieved  by  multiplying  measured  AT’^  to  coefficient 
RT/(T^TJ.  We  used  this  correction  for  our  nadir 
measurements  during  the  JUSREX;  as  a  mle,  it  was  not 
essential.  Really,  in  great  majority  of  meteorological 
situations  nadir  measurements  have  no  need  in  correction 
at  all.  To  the  contrary,  for  off-nadir  angles  such  a 
correction  is  important. 

Fig.  3  illustrates  this  influence.  The  additive 
contribution  from  atmosphere  to  A  T’g  (V  and  H 
polarizations  are  taken)  at  Ka-band  is  plotted  for  various 
cloud  conditions.  Absorption  data  for  this  illustrative 
example  were  taken  from  [5].  Dashed  Mne  is  the  value 
A7’g=0.4K  that  corresponds  to  the  wind  speed  7m/s. 
Obviously,  for  sounding  angles  over  10°  from  nadir  the 
contribution  of  atmosphere  exceeds  that  of  wind,  under 
assumption  the  latter  to  be  approximately  constant  at 
these  angles  (see  Fig.4  in  [6]).  Moreover,  the  calculations 
[7]  have  proved  the  anisotropy  versus  wind  speed 
dependence  to  decrease  in  this  range  of  view  angles. 
Consequently,  for  off-nadir  sounding  the  correction  for 
atmosphere  influence  is  essential. 

CONCLUSIONS 

The  atmosphere  conditions  affect  the  accuracy  of  wind 
speed  retrieval  algorithm.  First,  short  gravity  capillary 
waves  are  sensitive  to  the  stability  of  atmosphere 
boundary  layer.  The  discrimination  between  two  states  of 
atmosphere  (stable  -  unstable)  allows  to  improve 
theaccuracy  of  wind  retrieval  approximately  twice.  For 
this  discrimination  any  additional  information  may  be 
applied,  say  radar  images  of  sea  surface.  If  the 
information  on  stability  parameter  t/L  were  available  the 


Figure  3  The  atmosphere  contribution  to  the 
polarization  contrast 

accuracy  might  be  improved  further  more.  This  makes  the 
problem  of  stability  parameter  remote  determination  ever 
more  important.  Second,  the  atmospheric  absorption  of 
microwaves  should  be  accounted  to  improve  the  accuracy 
of  wind  algorithm,  especially  for  off-nadir  sounding. 
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I.  INTRODUCTION 

The  near  ocean  surface  wind  vector  is  an  important 
measurement  for  local  and  global  climatic  and  oceanographic 
studies.  A  direct  result  of  this  wind  is  that  it  creates  a  rough 
ocean  surface  consisting  of  a  variety  of  waves  and  foam. 
Recently,  passive  ocean-viewing  microwave  radiometers  are 
producing  promising  results  for  measuring  the  near-surface 
wind  vector  by  measuring  the  thermal  emission  from  the 
combined  rough  surface  and  atmosphere.  The  brightness 
temperature  variations  of  the  rough  ocean  surface  provide  the 
necessary  information  for  determining  the  near  ocean  surface 
wind  speed  and  direction. 

Microwave  radiometers  have  been  measuring  ocean  wind 
speeds  for  many  years  [1]  based  on  the  ocean  surface 
brightness  temperature  variations.  In  contrast,  the  ocean 
wind  direction  measurements  have  only  recently  been 
obtained  by  microwave  radiometers  [2].  These  recent  wind 
direction  measurements  showed  that  ocean  brightness 
temperature  variations  with  respect  to  azimuth  angle  (wind 
direction)  varied  by  a  few  kelvin.  Ail  these  radiometers 
measured  the  azimuthal  dependence  of  vertically-  and 
horizontally-polarized  ocean  brightness  temperatures. 
However,  [2]  showed  that  brightness  temperature 
measurements  at  other  polarization  states  (four  Stokes 
parameters)  are  also  sensitive  to  near  surface  ocean  wind 
direction. 

Nevertheless,  this  paper  focuses  on  a  nonpolarimetric 
aircraft-based  dual-frequency  dual-polarized  microwave 
radiometer  that  was  developed  at  the  Environmental 
Technology  Laboratory  (ETL)  of  the  National  Oceanic  and 
Atmospheric  Administration  (NO  A  A)  [3].  The  lower 
frequency  at  23 .87  GHz  is  horizontally-polarized  with  respect 
to  the  aircraft’s  flight  direction  and  the  3 1 .65  GHz  frequency 
is  vertically-polarized  to  that  direction.  This  radiometer  was 
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one  of  several  instruments  deployed  in  ETL’s  first  Advanced 
Sensor  Applications  Program  (ASAP)  experiment.  This 
experiment  was  named  the  San  Clemente  Ocean  Probing 
Experiment  (SCOPE)  [4].  The  main  purpose  of  the  airborne 
microwave  radiometer  was  to  determine  if  it  could  measure 
azimuthal-dependent  brightness  temperature  variations  from 
a  rough  ocean  surface,  and  thus  infer  the  near-surface  wind 
vector.  Furthermore,  in  order  to  gain  a  better  understanding 
on  the  potential  of  the  NOAA  dual-frequency  radiometer  for 
near-surface  wind  vector  determination,  the  SCOPE 
radiometer  measurements  are  compared  with  anew  combined 
atmospheric  and  two-scale  ocean  surface  model. 

II.  THEORETICAL  FORMULATION 

The  brightness,  i.e.,  brightness  temperature,  observed  by 
an  airborne  radiometer  viewing  the  ocean  at  an  angle  0 
relative  to  the  nadir  direction  is  given  by 


where 


-T(0,5(A^)) 


(2) 


is  the  vertical  line-of-sight  aircraft  height  above  the  ocean 
surface,  s(h^  is  the  refracted  ray  path  length  from  the  ocean 
surface  to  the  aircraft  height  K,  6  is  the  angle  relative  to  the 
nadir  direction,  (])  is  the  azimuth  angle, /is  the  frequency,  x 
is  the  total  atmospheric  optical  thickness,  p  is  the 
polarization,  BiT„^  is  the  upward  atmospheric  brightness. 
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is  the  ocean  surface  brightness,  and  B(T,y)  is  the  ocean 
surface-reflected  brightness. 

The  last  two  brightness  factors,  B(Tf,,)  and  B(T,j^ ),  are 
functions  of  the  surface  reflectivity  r„(0,  4))  for  the  given 
incident  polarization  a.  This  is  evaluated  by  integrating  the 
bistatic  scattering  coefficients  over  all 

scattering  angles  in  the  upper  hemisphere  and  summing  the 
results  of  both  orthogonal  scattering  polarizations  [5] 

^(6,  4>)=  ^  E  f  ^  sin0'  [  d<i)'  Y6,(0,<1);0',4)')  (3) 

4Tr  •'0 


where  (0,  ({))  and  (0',  (|)')  represent  the  incident  and  the 
scattered  directions,  respectively,  and  a  and  b  represent  the 
polarizations  of  the  incident  and  the  scattered  waves, 
respectively. 

For  this  research,  we  obtain 

, _  (4) 


where  0  and  (j)  are  the  incident  angles;  0,  and  ([),  are  the 
scattering  angles;  0'  and  <i>'  are  the  local  incident  angles,  0', 
and  (])',  are  the  local  scattering  angles;  Z^is  the  surface  slope; 
and  P(Z^)  is  a  one-dimensional  surface  slope  distribution  of 
the  large-scale  waves  [6]. 

We  evaluate  (4)  by  the  method  of  steepest  descent.  The 
result  yields  a  total  power  reflectivity  of 


r  (0,(t>)  «  A 


*  <l>) 


^  (0.  (1>) 


(5) 


where 


An 


dd'  sin0^ 


yL(Q’  4^; 


(6) 


±  Un  ’Cm) 


+  ^2  * 


(7) 


where  Aq  -  A2  and  the  rms  slope  m  are  given  by  the  slick 
surface  measurements  in  [6]. 

The  small-scale  features  are  chosen  to  have  a  sinusoidal 
corrugated  profile.  The  extended  boundary  condition  (EBC) 
method  [5]  is  used  to  calculate  the  brightness  temperature 
from  a  tilted  periodic  surface  for  an  arbitrarily  linearly- 
polarized  electric  field.  An  attractive  feature  of  the  EBC 
method  is  that  it  allows  for  the  small-scale  features  to  be 
similar  to  the  incident  electromagnetic  wavelength.  This 
feature  is  necessary  when  describing  the  capillary- 
ultragravity  wave  region.  In  addition,  the  pure  water  model 
in  [7]  with  an  additional  standard  salt  term  is  used  to 
calculate  the  complex  permittivity  of  sea  water. 

III.  A  COMPARISON  OF  EXPERIMENTAL  AND 
THEORETICAL  RESULTS 

Several  instruments  were  deployed  at  various  locations 
during  SCOPE.  In  particular,  the  NOAA  King  Air  aircraft, 
the  moored  Scripps  FLoating  Instrument  Platform  (FLIP),  the 
NOAA  R/V  Titan,  and  San  Nicolas  Island  served  as 
platforms  for  the  remote  sensing  and  in-situ  instruments 
pertinent  to  this  research. 

Flight  tracks  for  the  NOAA  aircraft  were  done  at  specified 
way  points  with  the  radiometer’s  antenna  system  [Jacobson 
et  al.,  1994]  fixed  in  the  downward-viewing  mode.  At  each 
of  the  way  points,  the  aircraft  performed  360°  banked  turns 
at  a  roll  angle  of  approximately  32°.  Sixteen  way  points 
were  accomplished  around  Titan  and  FLIP.  These  points 
provided  the  necessary  instrument  measurements  to  compare 
measured  and  calculated  brightness  temperatures. 

The  predominately  horizontally-polarized  23.87  GHz 
channel  was  used  to  obtain  an  empirical  wind  speed 
algorithm.  This  was  accomplished  by  measuring  the 
corrected  23.87  GHz  brightness  temperature  variations 
(peak-to-valley),  Z17;24  (K),  from  thirteen  circle  flights  around 
Titan  and  FLIP.  These  measurements  are  regressed  against 
the  Titan  and  FLIP  sonic  anemometer  wind-speed 
measurements.  The  wind  speed  {Wm  m/s)  algorithm  is  given 
by 

W  =  L8Ar,2,  -  0.15  .  (8) 


During  the  course  of  the  experiment  Titan  observed  the 
highest  winds  at  about  2000  UTC  on  17  September  1993;  the 
surface  winds  were  7.8  m/s  at  275.8°  with  clear  sky 
conditions.  This  way  point  is  chosen  to  compare  with  the 
theoretical  model  because  of  the  high  winds,  the  cloudless 
sky  conditions,  and  the  four  circle  flights. 

In  order  to  enhance  the  comparison  between  experimental 
and  theoretical  results,  the  following  process  is  used.  First, 
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the  mean  theoretical  brightness  temperatures  for  each  360° 
circle  are  computed.  Then,  these  brightness  temperatures  are 
subtracted  from  their  respective  mean  measured  brightness 
temperatures.  This  is  given  as 

r.  .  =  r  -  r.  , 

bmd  bmm  bmt  } 


where  Thmd  is  the  mean  brightness  temperature  difference, 
is  the  mean  measured  brightness  temperature  in,  and 
is  the  mean  theoretical  brightness  temperature  in;  the  above 
temperatures  are  in  K.  The  measured  three-dimensional 
antenna  patterns  were  incorporated  into  this  model. 

Next,  the  T^brnd  is  then  subtracted  from  the  above  theoretical 
brightness  temperatures.  Last,  these  adjusted  brightness 
temperatures  are  overlayed  with  the  measured  brightness 
temperatures.  The  experimental  and  theoretical  23.87  and 
3 1 .65  GHz  brightness  temperature  results  agreed  best  when 
the  small-scale  wave  height  and  wavelength  were 
approximately  0.5  mm  and  0.5  cm,  respectively,  i.e.,  the 
capillary  wave  region,  see  Fig.  1 . 

V.  CONCLUSION 

For  wind  speeds  less  than  12  m/s,  we  expect  that  the  inferred 
wind  vector  from  the  NOAA  microwave  radiometer  can  give 
wind  speed  to  an  accuracy  better  than  2  m/s  (4  m/s  for  the 
model)  and  wind  direction  to  within  15°  accuracy. 
Furthermore,  the  upwind  and  downwind  directions  can  be 
distinguished  from  each  other. 
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Fig.  1.  The  measured  and  computed  brightness  temperatures 
at  (a)  23.87  and  (b)  31.65  GHz  versus  azimuth  angle.  The 
wave  height  and  Tbmd  values  are  given  by  the  first  and  second 
entries  in  the  parenthesis,  respectively.  The  upwind, 
downwind,  and  crosswind  directions  correspond  to  0°, 
±180°,  and  ±90°,  respectively. 
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ABSTRACT 

This  paper  describes  a  PC -based  multilayered 
data  integration  and  classification  system  that  is  under 
development  for  monitoring  coastal  oceanographic  processes. 
For  data  integration  and  sensor  fusion,  we  have  developed  a 
multilayered  “hypercube”  that  includes  data  from  satellite 
ERS-1,  multi-frequency  airborne  SAR  imagery,  AVHRR 
imagery,  in  situ  measurements  of  temperature,  salinity  and  the 
calculated  sound  speed.  Here,  we  show  examples  from  a 
number  of  the  systems  applications  that  include: 
georeferencing,  sensor  fusion,  pattern  classification  and 
automatic  frontal  detection,  geophysical  parameter  extraction, 
objective  interpolation,  and  prediction  of  acoustic  propagation 
loss  within  the  water  column. 

INTRODUCTION 

Detection  and  characterization  of  oceanic  fronts  is 
important  for  predicting  the  transport  of  heat  and  mass  in  the 
coastal  ocean  as  well  as  exploiting  the  fisheries  potential  and 
primary  food  production.  Oceanic  fronts  are  regions  where 
dynamical,  biological  and  chemical  properties  change 
abruptly.  Passive  and  active  remote  sensing  devices  readily 
map  the  surface  manifestation  of  the  fronts  in  terms  of  the 
changes  in  sea  surface  temperature  (SST),  ocean  color,  and 
die  small-scale  surface  roughness.  Radar  imagery  can  readily 
detect  surface  manifestation  of  SST  fronts,  velocity  fronts, 
and  wind  fronts.  With  the  recent  advances  in  sensor 

technology,  it  is  now  possible  to  delect  and  characterize  these 
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fronts  rapidly  and  generate  enhanced  products  for 
environmental  assessment  and  prediction.  With  the  improved 
sensor  technology,  however,  the  amount  of  information  has 
also  dramatically  increased.  An  operational  coastal 
monitoring  system  requires  access  to  a  multitude  of 
information  from  different  sensors  and  platforms.  This  is  a 
multi-dimensional  problem  that  can  be  tackled  using  a 
multilayered  hypercube  that  contains  georeferenced 
uniformly-spaced  data  that  is  common  to  all  the  remotely 
sensed  imagery. 

To  construct  the  hypercube,  we  use  the  data  from  the 
Rocky  Road  campaign  which  was  a  joint  oceanogr^hic 
exercise  conducted  between  the  Norway,  U.K.  and  the  U.S. 
in  October,  1993  in  VesQoden  Norway.  In  the  Rocky  Road 
campaign,  a  detailed  hydrographic  survey  of  the  Vest^ord 
area  in  the  coastal  region  was  conducted  over  a  three  day 
period.  To  facilitate  the  in  situ  measurements,  the 
DELAUNY  objective  interpolation  algorithm  was  used  to 
convert  the  irregularly  spaced  ship  tracks  into  regularly- 
spaced  values  of  SST,  salinity  and  sound  speed  for  any  point 
inside  the  hypercube.  Computer  memory  is  the  only  factor 
that  limits  the  number  of  layers  in  the  hypercube.  The 
programming  tools  developed  here  were  formulated  uix^  the 
commercially  available  PROVIEW  image  processing  and 
programming  environment.  This  is  a  highly  versatile  PC- 
based  language,  that  operates  under  the  MS  Windows  3x  and 
NT,  as  a  32  bit  application  and  permits  easy  transportability 
to  other  PC-based  computers  that  are  available  worldwide. 
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formulated  using  the  commercially  available 
PROVIEW  image  processing  and  programming 
environment.  This  is  a  highly  versatile  PC-based 
language,  that  operates  under  the  MS  Windows  3x 
and  NT,  as  a  32  bit  application,  and  permits  easy 
transportability  to  other  PC-based  computers  that  are 
available  worldwide. 

RESULTS 

We  use  two-dimensional  matched-filter  and 
pattern  recognition  algorithms  complimented  with 
satellite  AVHRR  imagery  to  automatically  detect  in 
SAR  imagery  frontal  features  that  include  wind 
fronts,  SST,  and  current  velocity  fronts  The  basis  for 
automatic  detection  is  the  fact  that  in  radar  imagery, 
SST  and  wind  fronts  manifest  themselves  as  step- 
changes  in  surface  roughness,  while  velocity  fronts 
often  appear  as  narrow  isolated  bright  or  dark  bands  of 
surface  roughness.  Wind  fronts  can  also  be 
distinguished  from  SST  fronts  using  the  combination 
of  AVHRR  and  SAR  imagery.  Wind  fronts,  in 
general  produce  a  flat  response  in  the  AVHRR-derived 
SST  field,  and  a  corresponding  step-change  in  the 
radar  backscatter  field.  SST  fronts,  on  the  other  hand 
produce  step-changes  in  both  the  SST  and  backscatter 
fields.  Therefore,  by  modulating  the  radar  imagery 
with  the  step-changes  in  the  temperature  field  one  can 
easily  distinguish  between  the  two  fronts.  Velocity 
fronts  have  distinct  surface  shapes  and  signatures  that 
vary  according  to  their  dynamical  properties,  ie,  shear 
and  convergence.  The  horizontal  shapes  and  curvatures 
of  the  fronts  are  combined  with  the  radar  look 
direction  to  make  inferences  about  the  dominance  of 
shear  or  convergence  along  the  front.  It  is  shown  that 
based 

on  the  radar  azimuth  angle  (0),  the  modulations  for 
shear  front  are  proportional  to  the  Sin  0  Cos  0,  while 
the  modulations  for  converging  fronts  are 


proportional  to  Co^Q.  As  such  with  respect  to  the  radar 
look  direction,  the  modulations  for  a  shear  front  can 
change  from  dark  to  bright,  whereas  the  modulations  for  a 
converging  front  will  always  remain  bright. 

For  the  acoustic  component  of  the  coastal  prediction 
system  we  used  a  Parabolic  Equation  (PE)  acoustic 
propagation  loss  model  ^  that  was  developed  at  NRL.  In 
its  present  configuration,  the  model  predicts  the 
propagation  loss  as  a  function  of  frequency  using  the 
range-dependent  sound  speed,  surface  roughness  and 
bottom  depth.  For  the  Rocky  Road  region,  we  showed 
that  for  high  acoustic  frequencies  (>1000  Hz),  the  SAR- 
derived  rough-surface  boundary  increased  the  amount  of 
acoustic  energy  that  was  scattered  to  the  deeper  layers. 
Finally,  we  implemented  three  of  the  most  widely  used 
scatterometer  models  on  our  PC-based  system  to  derive 
wind  speeds  and  friction  velocities  from  calibrated  SAR 
imagery. 
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ABSTRACT 

For  more  than  two  decades,  spaceborne  S  AR  has  been  ad¬ 
vocated  as  a  practical  means  of  monitoring  directional  ocean 
wave  spectra.  Seasat,  ERS- 1  and  -2,  JERS- 1 ,  Almaz,  the  Shuttle 
Imaging  Radars  A,  B,  and  C,  and  most  recently  Radarsat  have 
all  carried  SARs  that  have  been  or  are  being  used  to  monitor 
the  spatial  evolution  of  wind-driven  waves,  with  the  hope  (or 
promise)  of  improving  storm  prognosis.  Yet  it  has  been  well 
known  for  more  than  a  decade  that  all  the  higher  altitude  plat¬ 
forms  (Seasat,  ERS-1  and  -2,  JERS-1,  and  Radarsat)  suffer 
serious  imaging  problems  caused  by  the  moving  ocean  scat- 
terers,  which  effectively  act  to  filter  along- track  waves  shorter 
than  about  300  m  wavelength.  Nevertheless,  substantial  effort 
has  been  expended  toward  the  problem  of  understanding  the 
SAR  transfer  function,  and  toward  optimally  assimilating  the 
SAR  wave  estimates  into  operational  wave  forecast  models. 
Unfortunately,  these  efforts  at  assimilation  are  unlikely  to  yield 
their  intended  results  (i.e,,  improved  wave  forecasts)  without  a 
much  lower  altitude  operational  SAR  platform. 

1.  INTRINSIC  LIMITATIONS  OF  SAR 

The  SAR  azimuth  wavelength  limit  is  approximately 

where  ^  ~  1  m^^/s,  R/Vis  the  range-to- velocity  ratio  of  the  SAR 
platform,  and  i/ is  the  significant  wave  height  [1,2].  Figure  1 
illustrates  the  severity  of  the  azimuth  limit  by  comparing  esti¬ 
mated  wavenumber  cutoffs  for  both  300  km  and  800  km  alti¬ 
tude  SARs  as  a  function  of  sea  state.  Both  SARs  are  assumed 
to  have  equal  (stationary  target)  resolutions  of  35  m,  and  there¬ 
fore  both  are  able  to  resolve  at  least  70  m  waves  in  all  direc¬ 
tions,  in  the  limit  of  very  low  sea  states.  For  actual  (moving) 
azimuth-travelling  waves,  however,  the  high  altitude  SAR  is 
limited  to  only  3/8  of  the  wavenumber  of  the  low  altitude  SAR. 
This  limit  is  a  problem,  of  course,  only  if  it  eliminates  or  dis¬ 
torts  actual  wave  systems.  For  wave  heights  below  about  1  m, 
the  problem  is  not  severe,  but  for  wave  heights  above  about  2 
m,  the  probability  of  severe  wave  distortion  or  filtering  be¬ 
comes  high  with  the  high  altitude  SARs. 

To  further  illustrate  the  problem,  Fig  2  shows  a  WAM  wave 
model  hindcast  of  wavenumber  distribution  during  the  SIR-C 
Southern  Ocean  experiments  conducted  in  April  and  October 
1994.  Both  SAR-measured  and  WAM  modeled  distributions 
were  nearly  identical  [3],  suggesting  that  both  the  SAR  and 
WAM  yielded  unbiased  estimates  of  the  (20-day)  wave  climate. 
Also  shown  on  the  figure  are  azimuth  wavenumber  cuttoffs  for 
an  800  km  altitude,  calculated  from  the  above  equation  for  a 
range  of  sea  states.  For  wave  heights  of  interest  (i.e.,  >2  m), 
0-7803-3068-4/96$5.00©1996  IEEE 


Figure  1 .  Comparision  of  azimith  wavenumber  response  for  SARs 
orbiting  at  300  km  and  800  km  over  a  range  of  sea  states.  Both  SARs 
are  assumed  to  have  35  m  resolution  for  stationary  scenes.  Space¬ 
craft  velocity  vector  is  vertical. 

high  altitude  SARs  effectively  eliminate  the  azimuth-travel- 
ling  waves.  To  alleviate  this  problem,  a  dedicated  low  altitude 
SAR  satellite  was  suggested  nearly  a  decade  ago  [4,  5], 
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Figure  2.  Effect  of  azimuth  wavenumber  cut-off  vs  for  high  alti¬ 
tude  SAR,  overlaid  on  WAM  model  Southern  Ocean  wavenumber 
distribution  for  two  10-day  intervals  in  1994  [3].  Low  altitude  SAR 
cut-off  (not  shown)  would  be  8/3  that  of  high  altitude  SAR  for  same 
H^.  All  wavenumbers  to  right  of  vertical  lines  are  filtered  by  the  SAR. 
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2.  AN  IMPROVED  LOW  ALTITUDE  S  AR  DESIGN 
It  is  commonly  assumed  that  a  long-life,  low  altitude  (-300 
km)  SAR  platform  would  be  impractical  because  of  its  in¬ 
creased  drag.  Indeed,  drag  is  a  major  consideration  [4,5].  How¬ 
ever,  by  minimizing  the  frontal  cross  section,  and  by  optimiz¬ 
ing  the  SAR  antenna  and  instrument  specifically  for  the  direc¬ 
tional  ocean  wave  spectra  problem,  a  lightweight  SAR  space¬ 
craft  having  a  five-year  (propellent)  lifetime  is  quite  feasible. 

Such  a  lightweight  SAR  spacecraft,  in  which  the  frontal 
cross  section  is  only  -1  m^,  is  shown  in  Fig  3.  It  includes  aim 
X  3  m  combined  SAR/altimeter  antenna,  near-nadir  (20“)  SAR 
geometry,  Chh  transmission,  a  swath  width  of  10  km,  and  a  na¬ 
dir-return  receiver  for  absolute  waveheight  calibration  via  stan¬ 
dard  altimetry.  For  a  transmitter  power  of  20  w  peak,  10%  duty 
cycle,  10  MHz  bandwidth,  300  km  altitude,  minimum  ocean 
radar  backscatter  of  -10  dB,  and  allowing  for  5  dB  of  loss, 
an  SNR  of +10  dB  can  be  achieved  with  the  1  m  x  3  m  antenna. 

The  resulting  instrument  suite  can  provide  estimates 
of  absolute  directional  energy  spectra  every  50  km  along-track 
over  a  range  of  ocean  wavelengths  from  about  100  m  to  600  m 
(or  periods  from  about  8  s  to  20  s)  in  all  directions.  With  real¬ 
time  on-board  SAR  processing  and  rapid  data  dissemination 
over  the  world  wide  web,  demonstrated  during  the  1994  SIR-C 
Southern  Ocean  experiment  [2, 6],  and  using  a  dawn/dusk  sun- 
synchronous  orbit,  wave  forecast  models  around  the  world  could 
receive  updates  twice  a  day  from  the  single  satellite. 

Table  1  shows  a  weight  and  power  budget  partitioned  by 
major  spacecraft  subsystem.  Estimates  for  many  of  the  sub¬ 
systems  are  extrapolated  directly  from  actual  achieved  weights 
on  the  small  scientific  satellite  NEAR  (Near  Earth  Asteroid  Ren¬ 
dezvous),  the  first  of  the  low  cost,  low  weight  NASA  Discov¬ 


ery  series  designed  by  JHU/APL  and  launched  on  17  Feb  1996. 
The  SAR/altimeter  antenna  weight  is  based  on  the  use  of  a  low 
mass  aluminum  truss  structure  having  a  density  <20  kg/m^,  com¬ 
bined  with  distributed  MMIC  transmit/receive  modules. 

The  spacecraft  has  been  designed  with  several  advanced 
features,  including  a  32-bit  RISC  processor  integrating  com¬ 
mand  and  data  handling  (C&DH),  attitude  control,  and  power 
management.  The  communications  system  resides  on  a  single 
card,  which  includes  a  GPS  receiver  for  navigation.  Space¬ 
craft  weight  and  power  margins  are  robust:  >200  kg  and  >100 
W.  The  payload  has  been  configured  to  be  compatible  with  a 
Taurus  launch  vehicle,  capable  of  placing  950  kg  into  a  circu¬ 
lar  sun  synchronous  orbit  of  96.7'’  inclination  at  300  km  alti¬ 
tude.  Approximately  600  Mbits  of  data,  with  overhead,  are 
accumulated  in  12  hrs. 

The  spacecraft  block  diagram  is  shown  in  Fig  4.  The  SAR 
instrument,  processor,  and  spacecraft  subsystems  are  based  on 
a  card  cage  architecture.  All  subsystem  and  instrument  elec¬ 
tronics  are  redundant.  The  altimeter/SAR  processor  uses  14 
cards,  housed  in  a  single  card  cage,  which  is  then  duplicated. 
The  redundant  spacecraft  subsystems  are  contained  in  one  14- 
slot  card  cage. 

In  addition  to  two  C&DH  cards  and  the  solid  state  memory 
card,  one  card  is  required  for  the  interface  with  the  attitude 
system  electronics.  Another  provides  a  (standard)  1553  serial 
bus  interface  between  the  SAR/altimeter  cages  and  the  space¬ 
craft  subsystem  card  cage.  One  card  is  devoted  to  DC/DC 
converters  to  provide  all  the  required  regulated  voltages. 

Finally,  the  RF  communications  system,  a  GPS-Linked 
Transponder  (GLT),  is  contained  on  a  single  card.  The  GLT 
consists  of  a  GPS  receiver  for  navigation,  and  an  S-Band  re- 


Figure  3.  Lightweight  Spectrasat  design  showing  a)  orbital  configu¬ 
ration,  b)  Taurus-compatible  launch  configuration,  c)  partially  exposed 
launch  configuration,  d)  fully  exposed  launch  configuration. 


Table  1 :  Spacecraft  Weight/Power  Estimates 

Subsystem 

Weight  /  Power 

SAR/Altimeter  Antenna  Panels 

kg  /  watts 

(1  m  X  3  m  @  20  kg/m^) 

SAR/ Altimeter  Instrument 

60 

(C-band,  2  W  average  power) 
SAR/Altimeter  Processor 

10 

35 

(real-time,  based  on  SIR-C  design) 
Hydrazine  Propellent 

30 

30 

(for  5  year  life) 

285 

Propulsion  System 

45 

50 

Solar  Panels,  hinges,  batteries,  misc. 

50 

Attitude  Determination  and  Control 

20 

100 

Command  and  Data  Handling 

5 

25 

GPS  System,  RF  Communications 

5 

25 

Card  Cages 

50 

Thermal  Blankets,  Heaters 

20 

50 

Harness 

30 

15 

Structure 

145 

Total  estimated  weight  and  power: 

750 

330 

Total  Weight  and  Power  Budget: 

950 

430 

Contingency: 

200 

100 
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Figure  4:  Spectrasat  block  diagram 


ceiver  and  transmitter  A  1  W  solid  state  power  amplifier  on 
the  card  can  provide  sufficient  downlink  margin  to  accommo¬ 
date  rates  in  excess  of  4  Mb/s,  more  than  adequate  for  dump¬ 
ing  the  recorder  contents  in  one  5  min  pass.  Lightweight  patch 
antennas  are  located  on  both  zenith  and  nadir  viewing  sides  of 
the  spacecraft  to  ensure  communications  regardless  of  space¬ 
craft  orientation.  Similarly,  zenith  viewing  patch  antennas  are 
used  for  receiving  GPS  signals. 

The  spacecraft  is  three-axis  stabilized  using  reaction 
wheels,  and  electromagnetic  torque  rods  for  momentum  dump¬ 
ing.  A  horizon  scanner  and  digital  solar  attitude  detectors  pro¬ 
vide  spacecraft  attitude  knowledge  to  O.T  for  each  axis. 

The  propulsion  system  is  an  unregulated  step  repressur¬ 
ized  hydrazine  system  using  nitrogen  pressurant.  Three  thrust¬ 
ers  provide  the  required  thrust  for  drag  compensation  and  or¬ 
bit  maintenance.  Approximately  285  kg  of  fuel  are  required 
for  the  5  yr  mission.  The  fuel  is  contained  in  a  single  tank  of 
diameter  0.7  m  and  length  1.0  m,  chosen  to  present  a  mini¬ 
mum  frontal  cross  section.  The  fuel  capacity  of  the  tank  ex¬ 
ceeds  310  kg.  The  expulsion  mechanism  is  by  way  of  surface 
tension,  viable  since  all  thrusting  is  along  the  velocity  vector. 

The  spacecraft  power  system  uses  a  silicon  solar  array  of 
area  4  m^  capable  of  providing  about  430  W.  A  10  amp-hr 
nickel  cadmium  battery  is  used  primarily  to  support  launch 
loads,  but  remains  on-line  to  support  orbital  passage  through 
the  Earth’s  umbra.  Provisions  have  been  made  for  switching 
the  battery  off-line,  if  required,  during  the  life  of  the  mission. 

3.  CONCLUSIONS 

Existing  and  planned  SAR  spacecraft,  having  many  di¬ 
verse  purposes,  are  not  well  suited  for  ocean  wave  monitoring. 
Their  high  altitudes  severely  limit  ocean  wave  imaging  in  the 
along-track  direction.  This  limitation  applies  equally  to  ERS- 
2,  Radarsat  1,  and  follow-on  missions  orbiting  at  -800  km. 

To  solve  the  problem,  a  low  altitude,  dedicated  SAR  plat¬ 
form  is  required.  By  optimizing  the  SAR  and  spacecraft  spe¬ 
cifically  for  the  ocean  monitoring  problem,  and  keeping  the 


frontal  cross-section  down  to  - 1  m^  a  light  weight  Taurus-com¬ 
patible,  5-year  lifetime  mission,  orbiting  at  an  altitude  of  only 
300  km,  appears  quite  feasible.  A  single  satellite  would  be  suf¬ 
ficient  to  provide  twice-daily  updates  to  wave  forecast  models 
around  the  world,  without  any  of  the  severe  limitations  of  pres¬ 
ently  orbiting  and  planned  SAR  systems. 
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Abstract  -  In  1993  the  Canada  Centre  for  Remote  Sensing 
modified  its  CV-580  C(HH)-band  airborne  cross-track  inter¬ 
ferometric  SAR  (InSAR)  to  operate  in  an  along  track  interfer¬ 
ometric  mode  using  a  switchable  microstrip  antenna  mounted 
on  the  right  side  of  the  aircraft.  Subsequently  this  instrument 
has  been  used  to  measure  ocean  surface  velocities  in  missions 
over  the  Bay  of  Fundy,  the  Grand  Banks,  and  in  Active  Pass. 
The  resulting  velocity  images  can  be  used  to  provide  infor¬ 
mation  about  surface  current  vectors,  bottom  topography,  or 
ocean  wave  heave  spectra.  Ground  truthing  of  the  bottom 
topography  was  provided  during  a  Bay  of  Fundy  mission  by  a 
side  scan  sonar  on  the  Canadian  Hydrographic  Services  ves¬ 
sel,  “NSC  Frederick  G.  Creed”,  whereas  validation  of  the 
surface  current  measurements  has  come  mostly  from  current 
models.  The  results  of  these  experiments  suggest  that,  under 
the  right  conditions,  the  CCRS  along  track  InSAR  can  pro¬ 
duce  a  self-consistent  surface  current  vector  map  and  can  de¬ 
tect  bottom  topography  changes  of  3  to  4  m  at  depths  up  to 
30  or  40  m. 

INTRODUCTION 

It  has  been  apparent  for  many  years  that  ocean  surface  fea¬ 
tures  such  as  fronts,  wave  trains  and  wakes  were  visible  in 
SAR  imagery.  The  most  common  explanation  of  ocean 
backscatter  is  Bragg  scattering  from  short  wavelength 
(A  =  n^/(2sin©) ,  where  0  is  the  radar  incidence  angle, 
X  =  5.656  cm  is  the  radar  wavelength  and  n  is  a  positive 
integer)  waves  on  the  surface  of  the  water.  These  waves  are 
strongly  affected  by  such  physical  processes  as  wind  stress, 
surfactant  density  and  the  strain  caused  by  current  velocity 
modulations.  The  precise  relationship  between  the  radar  cross 
section  (RCS)  of  the  ocean  and  the  relevant  geophysical  pa¬ 
rameters  is  difficult  to  define,  however,  and  different  models 
have  been  suggested  [1,2]. 

Along  track  InSAR  provides  a  more  direct  way  of  observing 
the  properties  of  the  ocean  than  conventional  SAR  imagery. 
The  phase  difference  between  the  radar  images  received  by 
two  antennas  separated  along  the  flight  path  of  the  aircraft  is 
used  to  directly  measure  the  mean  radial  velocity  of  the  scat- 
terers  in  each  target  pixel.  This  information  can  be  used  to 
study  wave  spectra  [3],  ocean  currents  [4,5]  and  ship  wakes 
[6].  In  this  paper,  the  focus  is  on  the  CCRS  results  with  ocean 
currents.  Results  are  considered  both  in  terms  of  mapping  the 
0-7803-3068-4/96$5.00©1996  IEEE 


currents  directly  and  in  terms  of  using  current  modulations  as 
an  indicator  of  bottom  topography  modulations. 

SYSTEM  INFORMATION 

The  structure  and  operation  of  the  CCRS  C/X-band  SAR  has 
been  described  in  detail  previously  [7].  The  InSAR  system 
utilizes  a  microstrip  antenna  on  the  right  hand  side  of  the  air¬ 
craft  which  can  be  divided  into  two  separate  sub-antennas 
with  phase  centres  separated  by  d  =  0.46  meters  along  the 
aircraft.  The  main  C-band  antenna,  located  underneath  the 
aircraft,  transmits  and  the  returned  signal  is  received  and  re¬ 
corded  separately  from  each  of  the  microstrip  antennas.  The 
microstrip  antennas  have  asymmetric  azimuth  weighting 
functions  which  results  in  each  antenna  having  a  main  lobe 
squint  of  approximately  1.1°  in  opposite  directions.  To  com¬ 
pensate  for  this,  the  antennas  are  mounted  with  a  dihedral 
having  an  included  angle  of  approximately  2°.  This  results  in 
two-way  transmit-receive  sidelobes  of  better  than  -40  dB. 
Phase  calibration  is  necessary  to  achieve  accurate  estimates  of 
radial  velocity.  Currently  this  is  achieved  by  using  a  large  flat 
object  with  zero  radial  motion  across  the  swath  (i.e.  a  few 
kilometers  of  coastal  terrain)  to  define  the  absolute  zero  phase 
as  a  function  of  incidence  angle. 

After  correcting  for  sub-pixel  misregistrations  caused  by 
electronic  path  lengths  and  antenna  geometry,  the  complex 
SAR  image  from  one  sub-antenna  is  multiplied  by  the  com¬ 
plex  conjugate  of  the  image  from  the  other  antenna  to  produce 
an  interferogram.  The  magnitude  of  each  pixel  in  the  inter- 
ferogram  is  a  measure  of  the  target’s  radar  backscatter  and  its 
phase,  O  ,  is  a  measure  of  the  target’s  radial  velocity.  This  is 
because  the  doppler  processed  image  from  the  second  antenna 
represents  the  same  spatial  scene  as  that  from  the  first  an¬ 
tenna,  but  with  a  temporal  offset  corresponding  to  the  time 
taken  for  the  aircraft  (and  thus  the  phase  centre  of  the  an¬ 
tenna)  to  travel  the  distance  between  the  two  antennas, 
t  -dl2V ,  where  V  is  the  aircraft  velocity  and  the  factor  of 
two  comes  from  the  fact  that  the  main  antenna  transmits  for 
both  InSAR  receive  antennas.  In  that  time  a  target  with  radial 
velocity,  v  ,  will  have  moved  a  distance  vt  and  thus  its  phase 
will  have  changed  by  4n  v  t /X  .  The  radial  velocity  of  a  given 
target  pixel  is  thus  given  by  v  =  VX  ^  /2dn  .  In  initial  tests 
in  1994,  the  InSAR  proved  capable  of  measuring  velocities  of 
bright  point  targets  with  an  accuracy  of  5  to  10  cm/s  [8]. 
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Figure  1  -  Current  Vector  Map  near  Macs  Island 


SURFACE  CURRENT  FIELDS 

On  June  24,  1995  the  CCRS  Along  Track  InSAR  imaged 
Letete  Passage  at  the  entrance  to  Passamaquoddy  Bay,  N.B. 
The  radial  velocities  from  two  interferograms  derived  from 
passes  with  approximately  perpendicular  aircraft  tracks  were 
registered  and  combined  to  produce  a  directional  velocity 
vector  map.  Figure  1  shows  these  velocity  vectors  for  60  m  by 
60  m  averaged  areas  superimposed  on  a  SAR  magnitude  im¬ 
age.  This  image  was  obtained  under  difficult  conditions  im¬ 
posed  by  the  close  proximity  of  bright  land  targets  to  the  nar¬ 
row  channels  of  water,  and  by  the  low  wind  speeds  on  the 
morning  of  the  data  acquisition.  Despite  this,  the  current 
vectors  (magnitude  range  is  from  0  m/s  to  1.6  m/s)  agree  with 
predictions  for  a  flood  tide  as  water  passes  from  the  Bay  of 
Fundy  through  Letete  Passage  (upper  right)  and  Little  Letete 
Passage  (lower  left)  into  Passamaquoddy  Bay.  That  the  cur¬ 
rent  turns  directly  into  or  forms  eddies  inside  the  small  bays, 
is  consistent  with  a  rising  tide.  The  shear  current  down  the  left 
side  of  Macs  Island  fits  the  model  for  the  strong  current 
through  Letete  Passage,  following  the  coastline  after  it  rounds 
the  northern  tip  of  the  island  until  it  joins  with  the  lesser  cur¬ 
rent  coming  through  Little  Letete  Passage.  The  bright  object 
in  the  top  left  of  the  image  is  a  fish  farm. 


Figure  2  -  SAR  Magnitude  and  Velocity  in  Bay  of  Fundy 


BOTTOM  TOPOGRAPHIC  MODULATIONS 

On  June  2,  1994  the  InSAR  flew  a  long  flight  line  over  the 
Minas  Channel  in  the  Bay  of  Fundy,  approximately  two  hours 
after  low  tide.  The  water  depths  were  low  while  the  currents 
were  large,  so  this  was  an  ideal  time  to  investigate  the  ability 
of  the  InSAR  to  detect  bottom  topographic  modulations 
through  their  effects  on  surface  velocity.  A  sample  of  the 
features  observed  is  shown  in  Figure  2,  which  is  a  combined 
SAR  magnitude  and  velocity  image.  The  dark  water  at  the 
bottom  of  the  image  is  moving  up  along  the  coastline  until  it 
encounters  the  main  Fundy  current  which  is  traveling  to  the 
left.  This  creates  the  bright  arc  near  the  top  of  the  image,  as 
the  two  currents  come  together.  Of  even  more  importance, 
however,  is  the  feature  in  the  bottom  right  characterized  by  a 
series  of  bright  and  dark  lines  along  the  border  of  the  dark 
water  mass.  This  feature,  which  is  visible  as  both  a  SAR 
magnitude  and  velocity  modulation,  corresponds  to  a  dune- 
field  in  Advocate  Bay.  The  dunefield  does  not  appear  on  any 
Hydrographic  charts  and  had  not  been  previously  surveyed, 
but  local  fishermen  have  verified  its  existence,  and  a  Cana¬ 
dian  Hydrographic  Services  (CHS)  survey  is  now  planned  to 
include  this  area  in  1996. 

More  quantitative  results  are  shown  in  Figure  3,  which  fea¬ 
tures  a  larger  dune  field  near  Cape  Split  in  the  Bay  of  Fundy. 
This  dune  field  was  the  subject  of  a  CHS  sonar  study  by  the 
vessel  “NSC  Frederick  G.  Creed”  simultaneous  with  the  air¬ 
borne  mission.  The  three  transects  through  the  SAR  magni¬ 
tude  image  of  the  dunefield  in  Fig.  3(a)  are  used  to  plot  depth 
(from  the  side  scan  sonar),  SAR  intensity  modulation  and 
radial  surface  velocity  versus  distance.  Only  one  component 
of  the  surface  velocity  is  being  measured,  so  it  is  difficult  to 
directly  model  the  velocity  as  a  function  of  depth,  but  in  each 
transect  there  is  a  strong  correlation  between  changes  in 
depth,  changes  in  SAR  intensity  and  changes  in  surface  ve¬ 
locity.  Depth  modulations  of  as  little  as  3  to  4  m  at  a  mean 
depth  of  20  to  30  m  produce  intensity  modulations  of  up  to  5 
dB  and  velocity  modulations  of  up  to  0.5  m/s.  The  maximum 
ratio  of  absolute  depth  to  depth  modulation  which  produces 
observable  results  in  this  dunefield  is  approximately  15. 

CONCLUSIONS 

The  CCRS  airborne  along  track  InSAR  can  produce  high 
resolution,  geocoded,  calibrated  velocity  images  which  can  be 
combined  to  produce  current  vector  maps  for  currents  which 
are  stable  over  the  time  between  two  passes  (approximately 
twenty  minutes)  or  used  individually  to  detect  oceanographic 
features,  including  bottom  topographic  modulations.  Since 
there  is  currently  no  simple  way  of  producing  high  resolution 
current  maps  over  large  areas,  this  may  be  a  useful  tool  for 
examining  the  current  patterns  near  river  deltas,  harbours,  and 
other  key  areas  or  in  environmental  monitoring  and  impact 
analysis  where  knowledge  of  current  flow  patterns  can  be 
very  important.  The  along  track  InSAR  can  detect  the  velocity 
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modulations  caused  by  subsurface  features  at  depths  up  to  40 
m  or  more,  provided  the  ocean  backscatter  is  high  enough  to 
produce  acceptable  phase  noise  levels  and  the  absolute  depth 
to  depth  modulation  ratio  is  less  than  15.  Ship  based  sonar 
surveys  produce  more  detailed  maps  of  subsurface  features 
than  airborne  InSAR  surveys  and  they  do  not  have  a  mini¬ 
mum  wind  stress  or  ambient  current  requirement,  but  they  are 
very  time  consuming  (approximately  12  hours  of  sonar  imag¬ 
ing  time  was  required  for  the  Scots  Bay  area  versus  less  than 
1  minute  for  the  InSAR  image).  The  ability  of  the  InSAR  to 
detect  hydrographic  features  of  interest  over  large  areas  has 
been  clearly  established,  but  more  data  analysis  (preferably 
involving  full  current  vector  maps  over  sonar  surveyed  areas) 
before  along  track  InSAR  can  serve  as  anything  other  than  a 
preliminary  sensor  which  is  used  to  queue  hydrographic  sur¬ 
vey  vessels  to  the  appropriate  areas. 


Fig  3(a)  -  Scots  Bay  Dunefield 


Dunefield  oblique  profiles 


Fig  3(c)  -  Transect  B  Fig  3(d)  -  Transect  C 


ACKNOWLEDGMENTS 

The  authors  would  like  to  thank  Marco  van  der  Kooij  for  his 
contributions  to  the  1994  Bay  of  Fundy  mission  and  to  the 
initial  analysis  of  the  data  from  this  experiment.  The  crew  and 
sensor  operators  on  the  CCRS  CV-580  and  the  “NSC  Freder¬ 
ick  G.  Creed”  are  also  gratefully  acknowledged. 

REFERENCES 

[1]  Alpers,  W.  R.,  D.  B.  Ross  and  C.  L.  Rufenach,  “The 
detectability  of  ocean  surface  waves  by  real  and  synthetic 
aperture  radars”,  /.  Geophys.  Res.,  86,  6481-6498,  1981 

[2]  Hasselmann,  K.,  R.  K.  Raney,  W.  Plant,  W,  Alpers,  R. 
Shuchman,  D.  Lyzenga,  C.  Rufenach  and  M.  Tucker, 
“Theory  of  Synthetic  Aperture  Radar  Ocean  Imaging:  A 
MARSEN  View”,  J.  Geophys.  Res.,  90,  4659-4686, 
1985 

[3]  Vachon,  P.  W.,  C.  Bjerkelund,  J.  Buckley,  J.  Campbell, 
F.  W.  Dobson,  A.  L.  Gray,  H.  Johnsen  and  R.  Lalbe- 
harry,  “Validation  of  SAR  Ocean  Wave  Measurements: 
ERS-1  and  CV-580  Cross  Spectra  and  CV-580  Along- 
track  InSAR”,  Proc.  ofIGARSS  '96,  1996 

[4]  Goldstein,  R.  M.  and  H.  A.  Zebker,  “Interferometric 
radar  measurement  of  ocean  surface  currents”.  Nature, 
328,  707-709,  1987 

[5]  Shemer,  L.,  M.  Marom  and  D.  Markman,  “Estimates  of 
Currents  in  the  Nearshore  Ocean  Region  Using  Interfer¬ 
ometric  Synthetic  Aperture  Radar”,  J.  Geophys.  Res.,9S, 
7001-7010,  1993 

[6]  Orwig,  L.  P.  and  D.  N.  Held,  “Interferometric  Ocean 
Surface  Mapping  and  Moving  Object  Relocation  with  a 
Norden  Systems  Ku-Band  SAR”,  Proc.  of  I  GARS S  '92, 
1598-1600,  1992 

[7]  Livingstone,  C.  E.,  A.  L.  Gray,  R.  K.  Hawkins,  P. 
Vachon,  T.  1.  Lukowski  and  M.  Lalonde,  “The  CCRS 
Airborne  SAR  Systems:  Radar  for  Remote  Sensing  Re¬ 
search”,  Canadian  J.  of  Remote  Sensing,  21,  468-491, 
1995 

[8]  Gray,  A.  Laurence,  Marco  W.  A.  van  der  Kooij,  Karim 
E.  Mattar  and  Peter  J.  Farris-Manning,  “Progress  in  the 
Development  of  the  CCRS  Along-Track  Interferometer”, 
Proc.  ofIGARSS  '94,  2285-2287,  1994 


1148 


Comparison  of  Wave  Parameters  Measured  from  the  SIR-C  On-Board  Processor  with  WAM 

Predictions  in  the  Southern  Ocean 

Frank  M.  Monaldo 

The  Johns  Hopkins  University  Applied  Physics  Laboratory 
Johns  Hopkins  Road,  Laurel,  MD  20723-6099  U.S.A 
Tel:  (301)  953-5000,  Fax:  (301)  953-5548,  email:  Frank_Monaldo@jhuapLedu  * 


ABSTRACT 

During  the  siR-c  (Shuttle  Imaging  Radar)  mission  in  1994, 
an  APL-built  on-board  processor  computed  image  spectra  from 
the  synthetic  aperture  radar  (sar)  C-band  signal.  The  image 
spectra,  acquired  for  the  purpose  of  estimating  two-dimensional 
ocean  wave  energy  spectra,  were  transmitted  to  the  ground  in 
real  time.  In  this  paper,  we  compare  the  dominate  wavelength, 
propagation  direction  and  significant  wave  height  (swh)  esti¬ 
mated  from  processor  spectra  (with  additional  post  processing) 
with  nearly  co-located  estimates  from  the  wam  (wAve  Model) 
global  wave  model,  as  implemented  by  the  U.S.  Navy  Fleet 
Numerical  Meteorology  and  Oceanography  Center  (fnmoc). 
We  demonstrate  that  despite  significant  scatter,  there  are  no  sys¬ 
tematic  biases  between  sar  and  wam  estimates  of  wavenum¬ 
ber  and  propagation  direction.  The  sar  tends  to  underestimate 
SWH  at  swHs  greater  than  4  m.  This  discrepancy  is  removed 
with  a  simple  linear  adjustment. 

1  INTRODUCTION 

In  1978,  the  United  States  launched  Seasai,  which  provided 
synthetic  aperture  radar  (sar)  ocean  imagery  from  space  for 
the  first  time.  One  of  the  purposes  of  the  sar  was  to  measure 
two-dimensional  ocean  wave  spectra.  Several  passes,  where  co¬ 
incident  environmental  information  was  available,  were  stud¬ 
ied  intensively  [1]  [2].  Although  the  waves  imaged  by  the 
Seasai  L-band  sar  showed  reasonable  spatial  variations  in 
wavelength  and  direction,  there  was  a  pronounced  loss  in  re¬ 
sponse  to  azimuth-traveling  waves. 

In  October  1984,  the  sir-b  (Shuttle  Imaging  Radar)  mis¬ 
sion  provided  additional  sar  imagery.  Off  the  southern  coast 
of  Chile,  independent  estimates  of  ocean  wave  spectra  from 
aircraft  radars  were  compared  in  detail  with  spectra  from  five 
passes  of  sir-b  imagery.  Besides  showing  close  correspon¬ 
dence  with  independent  measurements  of  the  spectrum,  sir-b 
imagery  exhibited  far  broader  response  to  azimuth-traveling 
waves  than  did  Seasai  [3]. 

The  reduction  in  azimuth  response  is  a  consequence  of  ocean 
surface  motion.  A  sar  relies  on  Doppler  information  from  the 
return  radar  signal  to  achieve  fine-scale  azimuth  resolution. 

*This  work  was  supported  by  funding  from  the  National  Aero¬ 
nautics  and  Space  Administration  and  the  Naval  Research  Labora¬ 
tory  (Stennis  Space  Center). 
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The  motion  of  the  ocean  adds  noise  to  this  Doppler  informa¬ 
tion,  degrades  azimuth  resolution  and  makes  azimuth-traveling 
waves  more  difficult  to  image.  The  effect  is  proportional  to 
the  range-to-velocity  ratio  of  the  sar  platform.  The  minimum 
detectable  azimuth  wavelength,  Amin»  can  be  estimated  by 

Amin  =  [1  (1) 

where  R  is  the  range  from  the  sar  platform  to  the  imaged  area, 
V  is  the  velocity  of  the  platform  and77s  is  ocean  significant 
wave  height  (swh)  [1]. 

Since  the  sir-b  mission  flew  on  the  shuttle  Challenger  at 
about  a  230  km  altitude  and  Seasai  flew  at  800  km,  sir-b 
image  spectra  had  nearly  four  times  better  azimuth  wavenumber 
response.  In  1991,  another  sar  was  launched  on  ERS-1  at  an 
800  km  altitude.  The  high-altitude  mission  suffered  the  same 
limitations  in  the  measurement  of  azimuth-traveling  waves  that 
Seasai  did. 

The  siR-c  mission,  flown  in  April  and  October  1994,  as  part 
of  the  Space  Radar  Laboratory  (srl),  offered  a  new  opportunity 
to  acquire  spectra  from  a  low-altitude  orbit.  However,  obtaining 
the  large  number  of  spectra  required  for  statistical  comparisons 
over  large  ocean  areas  would  not  have  been  possible  using 
traditional  image  processing  strategies. 

To  alleviate  this  problem,  the  Johns  Hopkins  University  Ap¬ 
plied  Physics  Laboratory  designed  and  fabricated  an  on-board, 
real-time  processor  [4].  These  real-time  spectra  (over  100,000 
in  all)  plus  additional  post  processing  form  the  basis  for  the 
comparisons  shown  here. 

During  the  flights,  the  U.S.  Navy  Fleet  Numerical  Mete¬ 
orology  and  Oceanography  Center  (fnmoc)  was  running  its 
implementation  of  the  wam  (WAve  Model)  wave  model.  These 
spectra  were  archived  for  later  comparisons.  In  this  paper,  we 
compare  estimates  of  wavenumber,  propagation  direction  and 
SWH  from  the  sar  spectra  with  nearly  temporally  and  spatially 
coincident  wam  spectra. 

2  SAR  IMAGERY  SPECTRA  TO  OCEAN 
WAVE  SPECTRA 

In  general,  the  relationship  between  the  ocean  wave  height- 
variance  spectrum,  5h(^),  and  the  sar  image  intensity- 
variance  spectrum,  S’sar(^)»  where  k  is  vector  wavenumber, 
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is  nonlinear  and  difficult  to  invert  [5]  [6].  For  the  case  of  a  s  ar 
with  a  low  RjV  ratio  (<  60  s),  a  quasi-linear  approximation 
may  be  invoked,  so  that 


=  T^(^)exp  .  (2) 

The  7^  function  describes  the  coherence  between  wave 
height  and  radar  cross  section.  For  situations  with  no  cross 
section  nonlinearities  and  no  noise,  7^  =  1. 

The  motion  of  the  ocean  surface,  to  first  order,  simply  de¬ 
grades  azimuth  resolution.  The  Gaussian  term  in  Equation  2 
represents  the  loss  of  resolution  at  large  azimuth  wavenumbers, 
ka.  The  value  defines  the  azimuth  falloff.  This  value  is  de¬ 
pendent  upon  both  the  sea  state  and  R/V.  The  higher  the  sea 
state  and  the  higher  the  value  of  R/V,  the  smaller  the  k^^  and 
the  greater  the  loss  in  azimuth  resolution. 

The  function  J?sar  is  the  sar  modulation  transfer  function. 
This  function  describes  how  ocean  height  variations  map  into 
cross  section  variations  —  the  wave  imaging  mechanisms  [7]. 
Using  a  simplified  version  of  the  i^sar  found  in  [8],  we  inverted 
(2)  to  estimate  wave  height  spectra  from  the  processor  image 
spectra. 


3  WAM  SPECTRA 

WAM  is  a  third-generation  wave  model  for  the  global  predic¬ 
tion  of  wave  height  spectra  from  an  input  wind  field,  fnmoc 
runs  an  operational  implementation  of  the  wam  for  the  U.S. 
Navy  [9].  fnmoc  archived  the  wam  estimates  of  the  two- 
dimensional  spectra  for  the  April  and  October  periods  corre¬ 
sponding  to  the  siR-c  flights. 

The  WAM  spectra  and  the  wavenumber  propagation  direction 
and  SWH  were  extracted  on  a  4®  x  4®  spatial  grid,  and  in 
twelve  hours  time  steps.  These  parameters  form  the  basis  for 
comparison  with  the  sir-c  processor-derived  wave  spectra. 

4  COMPARISON 

To  compare  sir-c  and  wam  wave  parameters,  we  averaged 
20  adjacent  along-track  spectra  from  the  on-board  processor. 
We  then  post  processed  these  spectra  to  estimate  the  height- 
variance  spectra  and  determine  the  peak  wavenumbers,  propa¬ 
gation  angles,  and  swhs  associated  with  the  processor  spectra. 
The  closest  wam  spectra  in  space  and  time  were  selected  for 
comparison.  If  the  wam  had  only  a  single  dominant  peak  and 
the  SAR-derived  spectrum  had  a  single  dominant  system,  then 
we  associated  the  wavenumber,  propagation  direction  and  s  wh 
from  each  of  these  spectra  for  comparison. 

Figure  1  is  a  plot  showing  the  comparison  between  wam 
estimates  of  dominant  wavenumber  and  associated  s  AR-derived 
estimates.  The  correlation  coefficient  between  the  wavenumber 
estimates  is  low,  0.23.  However,  the  distributions  of  observed 
wavenumbers  are  nearly  identical.  We  conclude  that  the  sar 
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Figure  1.  Comparison  of  SAR  and  WAM  wavenumbers  . 
The  thick  line  in  this  histogram  refers  to  the  WAM  distri¬ 
bution. 
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Figure  2.  Comparison  of  sar  and  wam  propagation  an¬ 
gles.  The  thick  line  in  this  histogram  refers  to  the  wam 
distribution. 


produces  an  unbiased  estimate  of  wavenumber  that  matches  the 
model  predicted  wavenumber  distributions.  Observed  point- 
by-point  differences  with  the  WAM  estimates  may  be  associated 
with  spatial  and  temporal  differences  in  spectra  location,  local 
errors  in  the  input  wind  field  or  model  inadequacies. 

Figure  2  is  a  plot  comparing  propagation  direction  estimates 
from  the  sir-c  sar  and  wam  wave  spectra.  The  spectrum-by¬ 
spectrum  correlation  of  0.74  is  excellent.  The  rms  difference 
between  the  sar  and  wam  direction  estimates  is  about  23®  and 
the  largest  mean  difference  —1®.  We  conclude  that  a  prop¬ 
erly  corrected,  a  low-R/E  sar  produces  unbiased  errors  in 
propagation  direction. 

When  we  attempted  a  spectrum-by-spectrum  comparison  of 
SWH,  we  found  that  the  sar  underestimated  swh  at  swhs 
greater  than  4  m.  By  making  a  simple  linear  adjustment  to  the 
SAR  swh  estimates,  we  eliminated  this  systematic  error.  Fig¬ 
ure  3  shows  the  spectrum-by-spectrum  comparisons  between 
wam  and  sar  swh  estimates  after  adjustment. 

5  CONCLUSIONS 

The  processor-computed  spectra  from  the  sir-c  shuttle  mis¬ 
sions  offered  the  first  opportunity  to  acquire  a  large  number  of 
SAR  image  spectra  over  a  large  variety  of  sea  states  for  statistical 
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Figure  3.  Comparison  of  SAR  and  wam  swh.  The  thick 
line  in  this  histogram  refers  to  the  wam  distribution. 

comparisons  with  other  estimates. 

With  modest  additional  processing,  image  spectra  from  a 
lo^-R/V  SAR  can  be  used  to  estimate  wave  height-variance 
spectra.  There  appears  to  be  no  systematic  differences  in  the 
WAM  and  SAR  estimates  of  wavenumber  and  propagation  di¬ 
rection.  The  distribution  of  wavenumber  and  propagation  di¬ 
rection  over  the  Southern  Ocean  estimated  from  the  sar  agree 
closely  with  wam  distributions.  Some  of  the  scatter  in  the 
spectrum-by-spectrum  comparisons  is  associated  with  tempo¬ 
ral  and  spatial  differences  between  the  sar  and  wam  estimates. 
In  addition,  we  believe  that  much  of  the  scatter  may  be  caused 
by  errors  in  the  input  wind  field  and  wave  model  errors. 

It  is  interesting  that  the  spectrum-by-spectrum  correlation  is 
far  better  for  propagation  direction  than  for  wavenumber.  If  we 
assume  that  the  model  input  wind  field  geographically  positions 
the  storms  correctly,  the  correspondence  of  the  wam  estimates 
with  the  SAR  measurements  of  propagation  direction  is  not 
surprising.  If  there  are  errors  in  either  the  timing  of  the  storms 
or  their  intensities,  random  errors  would  occur  in  the  wam 
wavenumber  estimates.  These  random  errors  are  observed  in 
the  data.  However,  if  the  errors  in  timing  and  intensity  in 
the  input  wind  field  are  random,  the  total  distribution  of  wam 
wavenumbers  and  propagation  angles  should  not  be  affected. 
This  is  consistent  with  the  comparisons  presented  here. 

In  addition,  after  a  linear  adjustment  in  SAR-estimates  swh, 
there  is  less  systematic  disagreement  in  the  spectrum-by¬ 
spectrum  comparison  of  swh.  The  rms  residual  differences 
were  about  1.3  m. 

We  have  employed  other,  more  complex,  models  of  the  sar 
modulation  transfer  functions  and  the  results  for  those  models 
are  very  similar  to  those  presented  here. 
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Abstract  —  Imagery  from  the  ERS-1 
Synthetic  Aperture  Radar  (SAR)  collected 
on  July  18,  1992  was  used  to  estimate  the 
depth  of  the  seasonal  thermocline  in  the 
New  York  Bight.  It  was  assumed  that  the 
internal  wave  packets  observed  in  the  SAR 
imagery  were  tidally  generated  at  the 
shelf  break  and  that  the  temporal  spacing 
between  the  packets  was  12.42  hours  i.e.  one 
M2  tidal  cycle.  The  wave  speed  of  a  packet 
was  estimated  by  measuring  the  distance 
from  the  leading  crest  in  one  packet  to  the 
leading  crest  in  the  previous  one  and 
dividing  by  the  tidal  period.  For  each 
packet  pair,  nine  separate  measurements, 
evenly  spaced  along  the  wave  crest,  were 
used  to  obtain  a  mean  separation  between 
the  packets.  The  mean  of  the  observed 
internal  wave  speeds  for  the  southern 
packet  was  0.79  m/s  with  a  deviation  about 
the  mean  of  11%.  The  depth  of  the 
thermocline  was  computed  from  the  wave 
speed  derived  from  a  simple  two-layer 
fluid  model  for  these  internal  wave 
dynamics.  The  densities  were  obtained 
from  a  joint  Russian-United  States  internal 
wave  experiment  that  was  concurrent  with 
the  SAR  overpass.  The  computed  mean 
depth  of  the  seasonal  thermocline  is  22  m. 
The  average  depth  of  the  seasonal 
thermocline  observed  during  the  summer 
season  from  historical  data  was  on  the 
order  of  20  m,  which  agrees  with  the 
estimated  thermocline  depth  from  the  SAR 
imagery. 
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1  INTRODUCTION 

During  the  spring  and  summer,  when  the 
thermocline  on  the  continental  shelf  is 
fully  developed,  the  entire  Mid-Atlantic 
Bight  is  replete  with  internal  waves. 
Figure  1  shows  the  surface  manifestation  of 
these  internal  waves  as  imaged  on  July  18, 
1992  from  the  C-band  Synthetic  Aperture 
Radar  (SAR)  on  the  European  spacecraft 
ERS-1  during  the  Joint  US/Russia  Internal 
Wave  Experiment  [Gasparovic  et  al.,  1993.] 
The  center  of  this  image  is  at  39°37’20''N, 
72°35’40”W  and  is  100  km  on  the  sides. 
Note  that  there  are  no  internal  waves  in 
the  lower  right  hand  portion  of  the  image, 
and  only  rather  weak  indications  of  their 
existence  in  the  upper  left  portion  [Porter  et 
al.,  1996.]  Moving  from  the  lower  right 
hand  comer  of  the  image  diagonally  to  the 
upper  left  hand  corner,  internal  wave 
generation,  propagation,  and  dissipation 
can  be  observed.  There  are  four  strong 
packets  of  waves  in  the  center  of  the  image. 
This  image  shows  that  wave  genesis  and 
dissipation  takes  place  over  a  distance  of 
roughly  100  km  across  the  continental  shelf. 
It  is  the  generally  accepted  hypothesis 
that  the  interaction  of  the  internal  tides 
with  the  sharply-sloped  bathymetry  at 
the  shelf  break  is  the  dominant  generation 
mechanism  for  the  internal  waves  visible 
in  Figures  1  [2!heng  et  al.,  1993]. 
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Figure  1,  SAR  image  with  center  at  39°37'2d’'N, 
72°35’40"W.  The  sides  of  the  image  are  100  km  in 
length.  The  image  is  oriented  8.5°  west  of  North. 
Shown  are  two  internal  wave  packets,  where  the 
first  crest  in  each  packet  was  connected  to  the 
previous  packet. 


2  ANALYSIS 

In  Figure  1  nine  lines  have  been  drawn 
cormecting  two  internal  wave  packets  that 
may  have  been  generated  12.42  hours  apart. 
The  lines  are  labeled  with  numbers  that 
correspond  to  the  number  shown  in  Table  1. 
The  average  distance  is  35.7  m  with  a 
standard  deviation  of  11%.  This  gives  a 
speed  of  wave  propagation  of  0.79  m/s. 


TABLE  1.  Wave  number  and  distance  [km] 
between  lead  crests  in  the  two  packets.  _ 


Line  Number 

Distance  [km] 

1 

32.1 

2 

33.9 

3 

38.2 

4 

37.4 

5 

34.9 

6 

35.5 

7 

38.0 

8 

37.0 

9 

34.0 

AVERAGE 

35.7 

If  we  assume  that  the  water  column  on  the 
continental  shelf  can  be  represented  by  two 
layers  of  constant  density,  then  the  phase 
speed  of  the  wave  is  given  by: 


^ Pi  “"Pi  ^ 


Pi 


where, 


hH 

h-\-H 


Pi  =1.0224  gm/cm^ 
p2  =1.0253  gm/cm^ 
g  =  gravitational  acceleration 
h  =  depth  of  pycnocline 
H  =  depth  from  pycnocline  to  bottom. 


The  densities  p^  and  P2  were  measured 
during  the  joint  Russian-United  States 
internal  wave  experiment  [Porter,  et  al., 
1993.]  Using  the  average  depth  of  the 
water  column  in  this  area,  we  have  plotted 
Cp  as  a  fimction  of  h  in  Figure  2. 


THERMOCLINE  DEPTH  [m] 

Figure  2.  This  is  the  wave  speed  as  a  function  of 
the  thermocline  depth.  Note  the  horizontal  line, 
that  represents  the  observed  speed  of  the  wave,  i.e. 
0.79  m/s.  The  point  where  this  intersects  the  line 
then  has  a  vertical  line  showing  that  the  depth 
required  for  this  speed  is  approximately  22.5  m. 

Observations  over  the  past  decade 
conducted  by  the  National  Ocean  and 
Atmospheric  Administration  in  this  region 
of  the  water  is  shown  in  Figure  3.  Note  the 
evolution  of  the  pycnocline  in  time  as  the 
season  progress.  In  winter  we  see  a 
vertically  mixed  column  of  water.  At  the 
onset  of  spring  in  May  we  see  the 
thermocline  beginning  to  be  developed  then 
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in  summer  we  see  a  very  well  defined 
pycnocline.  This  persists  until  early  fall 
when  the  storms  mix  the  thermocline  and  it 
begins  to  erode. 


SIGMA-T 

Figure  3.  Showing  the  change  in  the  density  of  the 
water  column  during  the  seasonal  cycle.  This 
observation  was  made  at  40°58'N  and  71°10'W. 

Note  that  in  August  (this  is  the  closest  in 
time  to  the  July  SAR  image)  the  depth  of 
the  thermocline  is  about  20m.  This 
compares  well  with  the  estimated  depth  of 
the  thermocline  from  the  SAR  observation 
of  22  m. 
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3  CONCLUSIONS 

Preliminary  results  from  using  SAR  images 
to  estimate  oceanographic  parameters  on 
the  continental  shelf  of  the  world's  oceans 
have  been  promising.  By  employing  a  two 
layer  model,  an  estimate  of  the 
thermocline  depth  was  made  that  agreed 
well  with  seasonal  observation  made  in  the 
same  area.  Future  work  will  research 
internal  wave  breaking  and  its  role  in 
mixing  on  the  shelf. 
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Abstract  -  In  Dec.,  1994  a  field  program,  now  known  as  Sea 
Truth  and  Remote  Sensing  (STARS’94),  was  carried  out  over 
the  Grand  Banks  of  Newfoundland.  The  field  program  has  pro¬ 
vided  data  which  offers  the  opportunity  to  validate  synthetic 
aperture  radar  (SAR)  measurements  of  the  ocean  wave  spec¬ 
trum.  We  present  validation  of  SAR  spectral  inversions,  start¬ 
ing  from  the  inter-look  cross  spectrum,  for  ERS-1  SAR  and  the 
CCRS  CV-580  SAR.  We  also  present  a  direct  measurement  of 
the  heave  spectrum  using  the  along-track  interferometry  (ATIn- 
S AR)  mode  of  the  CCRS  SAR. 

INTRODUCTION 

In  this  paper,  we  validate  SAR  as  a  sensor  of  ocean  waves 
based  on  the  cross  spectrum  between  individual  looks  [1].  The 
cross  spectrum  eliminates  noise  contributions  to  the  SAR  image 
spectrum  and  often  resolves  the  wave  propagation  direction. 
Furthermore,  it  may  be  inverted  to  a  wave  height  spectrum 
using  an  iterative  inversion  scheme  to  account  for  the  nonlinear 
velocity  bunching  imaging  mechanism. 

The  ERS- 1  [2]  and  CCRS  CV-580  airborne  SAR  [3]  data  ac¬ 
quired  during  STARS’94  are  summarized  in  Fig.  1  and  Tables 
1  and  2.  The  airborne  SAR  data,  acquired  with  a  small  range- 
to- velocity  ratio  RjV ,  have  less  imaging  nonlinearity  than  the 
ERS-1  SAR  data  and  are  a  useful  validation  standard  in  their 
own  right  [4].  We  also  obtained  Directional  Wave  Rider  (DWR) 
heave  spectra,  Minimet  (MM)  wind  data,  and  wave  model  hind- 


Table  1:  Summary  of  STARS’94  SAR  data. 


date 

1994 

LP 

time 

UTC 

Ik 

trk 

[deg] 

mode 

Dec.  3 

14:32 

R 

195 

ERS-1 

44 

15:05 

L 

137 

dual  pol. 

55 

15:23 

R 

317 

ATInSAR 

62 

16:10 

R 

47 

ATInSAR 

Dec.  4 

01:50 

R 

345 

ERS-1 

44 

02:13 

L 

137 

dual  pol. 

Dec.  5 

44 

23:30 

L 

130 

dual  pol. 
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Figure  1:  Map  of  Grand  Banks  of  Newfoundland  study  site. 
CSS  Parizeau  location  on  Dec.  3/4,  and  5,  and  key  CSOWM 
grid  points  (-h)  (labelled  by  number)  are  indicated. 

casts  from  the  3rd  generation  Canadian  Spectral  Ocean  Wave 
Model  (CSOWM)  [5]. 

The  CCRS  SAR  was  operated  in  its  C-band  HH  ATInSAR 
mode  [6]  for  several  passes  on  each  date  of  STARS’94.  In  this 
case,  images  are  collected  from  antennas  whose  phase  centres 
are  separated  along  track  by  0.46  m,  corresponding  to  separa¬ 
tions  in  acquisition  time  on  the  order  of  4  ms.  An  interferogram 
may  be  formed  between  the  fore  and  aft  images,  whose  phase 
is  a  direct  measure  of  the  wave  orbital  velocity  [7]. 

RESULTS 

Fig.  2  shows  time-series  of  MM  and  model  wind  speed  and 
direction.  Figs.  3,  4,  and  5  show  the  heave  spectra  from  Dec. 
3,  4,  and  5,  respectively.  The  SAR  image  cross  spectra 
were  calculated  as  follows:  7  individual  looks  were  extracted  in 
azimuth  and  detected;  image  cross  spectra  were  formed  between 
look  pairs  1/4,  2/5, 3/6,  and  4/7;  and  the  four  cross  spectra  were 
averaged  together  and  smoothed.  The  resulting  SAR  image 
cross  spectra  were  inverted  using  the  algorithm  described  by 
Engen  and  Johnsen  [1].  The  real  and  imaginary  parts  of  the 
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Table  2:  Derived  RAR  MTF  and  Hs  values. 


data 

mode 

R/V 

[s] 

e 

[1 

[rad] 

M 

Hs 

[m] 

Dec.  3 

ERS 

114.7 

21.9 

1.88 

13.4 

1.2 

HH 

25.3 

55.2 

1.15 

5.3 

2.0 

vv 

1.15 

5.5 

2.0 

Dec.  4 

ERS 

114.6 

21.8 

0.79 

13.1 

1.3 

HH 

36.3 

66.9 

0.12 

14.0 

2.5 

VV 

0.13 

8.3 

2.0 

Dec.  5 

HH 

38.5 

53.3 

0.83 

8.5 

1.7 

VV 

0.31 

7.7 

1.7 

Wind  Speed:  MM  and  CSOWM  2842 


Figure  2:  Wind  time-series  from  STARS ’94.  *:  data.  Solid 
line:  model.  Vertical  lines:  SAR  pass  times. 

cross  spectrum  were  weighted  so  that  they  contributed  equally 
to  the  inversion  cost-function.  The  real  aperture  radar  (RAR) 
modulation  transfer  function  (MTF)  magnitude  M  and  phase 
(f>  were  estimated  for  each  case  using  an  empirical  method  [8]. 
The  measured  values  for  the  RAR  MTF  and  the  waveheights  of 
the  inverted  spectra  are  summarized  in  Table  2. 

For  the  CV-580  spectra,  the  RAR  MTF  is  not  always  depen¬ 
dent  on  polarization.  The  RAR  MTF  for  ERS-1  differs  due  to 
its  smaller  incidence  angle.  The  inverted  CV-580  spectra  are 
consistent  between  polarizations.  The  ERS-1  spectra  have  un¬ 
derestimated  the  waveheight  due  to  their  large  azimuth  cutoff. 

The  ATInSAR  spectrum  shown  in  the  lower  left  corner  of 
Fig.  3  is  also  based  on  image  cross  spectrum  techniques.  Seven 
individual  complex  looks  were  extracted  from  the  fore  and  aft 
channels,  individual  look  interferograms  were  formed,  and  the 
velocity  was  extracted  from  the  phase.  The  cross  spectra  be¬ 
tween  pairs  of  velocity  images  were  then  calculated  and  aver¬ 
aged,  and  the  resulting  directionally  resolved  velocity  spectrum 
was  mapped  directly  into  a  heave  spectrum  based  on  the  acqui¬ 
sition  geometery.  For  Dec.  3,  we  have  crossing  passes  available 
in  ATInSAR  mode.  Rather  than  trying  to  account  for  the  az¬ 


Figure3:  Heave  spectra:  Dec.  3. 

imuth  cutoff  with  an  inversion  process  for  each  pass,  we  have 
blended  the  derived  heave  spectra  from  the  crossing  passes  to 
produce  a  composite  spectrum  which  reduces  azimuth  cutoff. 

The  ATInSAR  heave  spectrum  has  a  distinct  bi-modal  nature, 
which  differs  from  the  other  SAR-derived  spectra.  However, 
the  bi-modal  spectrum  is  consistent  with  the  wind  backing  fol¬ 
lowing  the  passage  of  two  fronts  around  the  ERS-1  pass  time 
(showing  in  Fig.  2,  which  is  east  of  the  ATInSAR  measurement 
site).  There  is  good  agreement  between  the  ATInSAR  wave- 
height  and  that  from  the  other  sources. 

CONCLUSIONS 

The  cross  spectrum  between  individual  looks,  for  both  the 
ERS-1  and  the  CV-580  SARs,  is  a  useful  starting  point  for 
SAR  wave  spectral  inversion.  The  inverted  ERS-1  and  CV-580 
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CV-580  VV:  Dec.  4  02:13  Hs=2.0m 


CV-580  HH:  Dec.  4  02:1 3  Hs=2.5m 


Figure  4:  Heave  spectra:  Dec.  4. 

SAR  spectra,  based  upon  empirical  estimates  of  the  RAR  MTF, 
show  reasonable  agreement  with  buoy  and  model  spectra.  A 
directionally-resolved  ATInSAR-derived  heave  spectrum  is  in 
reasonable  agreement  with  the  noted  validation  data,  without 
the  need  for  any  inversion  processing. 
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ABSTRACT 

The  ERS  SAR  sensors  have  demonstrated  their  capability  for 
imaging  ocean  waves,  internal  waves,  underwater  topography, 
eddies,  fronts,  natural  slicks,  oil  slicks,  and  atmospheric  fea¬ 
tures  in  the  marine  boundary  layer  such  as  wind. 

In  order  to  quantify  the  mesoscale  upper  ocean  and  atmo¬ 
spheric  boundary  layer  processes,  a  tandem  ERS-1/2  ESA  AO 
experiment  was  carried  out  off  the  south-western  coast  of  Nor¬ 
way  during  the  month  of  September  1 995.  A  unique  integrated 
data  set  was  collected,  including  extensive  SAR  coverage  in 
the  ERS-1/2  tandem  mode,  an  extensive  set  of  oceanographic 
and  meteorological  variables  from  the  R/V  Hakon  Mosby  of 
the  University  of  Bergen,  metocean  parameters  from  state-of- 
the-art  metocean  buoys,  and  natural  slick  sampling  with  two 
radio-controlled  “mini  research  vessels”. 

Analysis  from  this  very  comprehensive  integrated  experi¬ 
ment  is  reported,  quantifying  coastal  jets,  ocean  fronts,  natural 
slicks,  wind  velocity,  wind  fronts  and  rain  showers  from  SAR 
imaging. 

1.  INTRODUCTION 

The  synthetic  aperture  radar  (SAR)  capability  of  the  ERS- 1  and 
ERS-2  satellites  for  imaging  geophysical  phenomena  near  the 
sea  surface  has  been  demonstrated  in  many  studies  [1—1 1].  The 
phenomena  include  ocean  waves,  internal  waves,  underwater 
topography,  oceanic  eddies  and  fronts,  natural  slicks  and  oil 
slicks,  and  atmospheric  features  in  the  marine  boundary  layer 
such  as  wind  and  atmospheric  gravity  waves. 


Figure  1:  The  experimental  area,  showing  SAR  coverage  in 
grey,  location  of  moorings  (M  =  metocean  buoy,  C1/C2  =  cur¬ 
rent  meter  moorings),  and  ship  track.  The  field  cruise  took 
place  from  11  September  to  1  October  1995. 


In  order  to  quantify  these  mesoscale  upper  ocean  and  atmo¬ 
spheric  boundary  layer  processes,  a  tandem  ERS-1/2  ESA  AO 
experiment  was  carried  out  in  the  Skagerrak,  off  the  south-west 
coast  of  Norway,  during  September  1995.  The  data  collected 
comprises  a  unique  integrated  data  set,  with  SAR  coverage 
in  the  ERS-1/2  tandem  mode,  ship-borne  oceanographic  me¬ 
teorological,  and  active/passive  microwave  observations,  me¬ 
teorological  and  oceanographic  observations  from  a  ship  and 
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moored  instruments,  and  in  situ  sampling  of  natural  surface 
slicks.  Fig.  1  shows  the  experimental  area,  the  positions  of 
the  moorings,  the  ship  track,  and  the  ERS-1/2  SAR  coverage 
(including  both  descending  and  ascending  orbits). 

2.  OBSERVATIONS 

2.1.  Remote  Sensing 

The  ERS  SAR  coverage  shown  in  Fig.  1  shows  that  ample 
use  was  made  of  the  tandem  ERS- 1/2  SAR  coverage  at  24- 
hour  separation,  and  also  ascending/descending  ERS  passes  at 
~  1 1~1 3-hour  separation.  There  was  also  substantial  cloud-free 
coverage  by  ERS  ATSR  and  NOAA  AVHRR  infra-red  sensors, 
giving  good  information  on  the  surface  ocean  thermal  structure. 

2.2.  Ship-borne  instrumentation 

The  University  of  Bergen  research  vessel  R/V  Hdkon  Mosby 
was  employed  in  the  field  programme,  to  make  in  situ  metoro- 
logical  and  oceanographic  measurements,  and  to  deploy  and 
retrieve  current  meter  moorings,  a  metocean  buoy,  and  a  “mini 
research  vessel”  for  surface  microlayer  sampling.  The  ship  was 
directed  to  locations  of  interest  using  analyses  of  SAR  and  infra¬ 
red  (AVHRR/ ATSR)  satellite  images  which  were  processed  by 
Tromso  Satellite  Station,  analysed  at  the  shore  operations  centre 
in  Bergen,  transmitted  to  the  ship  by  facsimile  and  subsequently 
downloaded  to  the  shipboard  computer  system  by  digital  satel¬ 
lite  transmission.  The  Norwegian  Meteorological  Institute  also 
provided  a  special  operational  forecast  service,  for  meteorology 
and  sea  state. 

Meteorology  An  Aanderaa  weather  station  provided  wind, 
pressure,  air  temperature  and  humidity  observations  from  the 
Hdkon  Mosby.  The  Naval  Postgraduate  School  (NPS)  weather 
station  duplicated  these  observations,  with  additional  observa¬ 
tions  of  turbulent  wind  components  using  an  ultrasonic  anemome¬ 
ter,  turbulent  humidity  fluctuations  using  an  Ophir  hygrometer. 
Surface-layer  aerosol  particle  size  distribution  in  the  range  0.3— 
200  jim  was  measured  continuously,  and  regular  rawindsonde 
launches  were  performed. 

Ship-borne  radar/radiometer  In  situ  measurements  were  made 
by  an  ERIM/University  of  Michigan  consortium  represented 
by  Eric  Dano  and  Dave  Lyzenga,  using  a  rail-mounted  system 
consisting  of  a  C-band  dual-polarized  Doppler  radar,  C-band 
radiometer  and  video  camera.  The  measurements  collected 
during  the  experiment  include  the  following  situations:  box 
patterns,  near  the  NPS  buoy,  and  during  typical  wind-wave 
situations;  transects  of  current  fronts,  temperature  fronts,  and 
surfactant  regions;  periods  of  low  wind,  and  of  high  wind; 
breaking  waves,  atmospheric  fronts,  and  rain  showers.  Ra¬ 
diometer  data  were  collected  on  five  occasions,  on  September 
17,  18  and  20,  for  a  total  period  of  approximately  10  hours. 
Oceanographic  measurements  The  sea  surface  temperature 
(SST)  was  recorded  continuously,  with  supplementary  SST  ob¬ 
servations  being  made  with  a  thermistor  suspended  from  the 


ship  so  that  it  skimmed  the  water  surface.  Temperature  and 
salinity  measurements  down  to  200  m  depth  were  made  using 
a  SeaSoar  towed  CTD. 

2.3.  Moored  Instruments  and  Instruments  Deployed  from 
the  Research  Vessel 

Metocean  buoy  The  NPS  metocean  buoy  measured  two- 
dimensional  wave  spectra  using  a  Hippy  Datawell  sensor.  It 
also  measured  pressure,  vector  wind,  air  and  sea  temperature, 
humidity,  turbulent  fluctuations  in  wind,  temperature  and  hu¬ 
midity,  and  aerosol  particle  size  distribution. 

Current  measurements  Two  sub-surface  current  meter  moor¬ 
ings  were  deployed,  with  Aanderaa  current  meters  at  25  m, 
50  m  and  100  m  depth  and  at  25  m  above  the  sea  bottom. 

Mini  research  vessel  A  remotely-controlled  platform  “IN¬ 
TERFACE  11”  was  deployed  on  September  13,  15  and  18.  It  is 
approximately  1  m  long  and  is  equipped  with  a  rotating  teflon 
drum  to  take  direct  samples  of  the  surface  microlayer.  It  was 
also  equipped  with  air  and  sea  temperature  sensors  and  a  K- 
band  radar. 

3.  RESULTS 

3.1.  Ocean  Fronts  and  Coastil  Jets 

Coastal  upwelling  was  induced  by  north-westerly  winds  during 
the  latter  part  of  the  field  program.  A  good  example  is  shown 
in  the  AVHRR  image  in  Fig.  2:  from  the  ship  the  sea-surface 
temperature  was  measured  as  ^8°C  inside  the  dark  region  and 
~12'^C  outside  it.  The  air  temperature  was  ~8°C  at  the  time 
of  observation.  SAR  images  obtained  near  the  same  time  are 
shown  to  the  right  of  the  AVHRR  image.  A  remarkable  feature 
of  the  left-hand  SAR  images  is  that  it  shows  the  western  edge 
of  the  dark  feature  shown  in  the  AVHRR  image,  i.e.  the  radar 
backscatter  pattern  reflects  the  sea  temperature.  This  is  likely  to 
be  a  result  of  the  increased  atmospheric  stability  as  the  air  flows 
over  the  colder  water,  reducing  the  wind  stress  and  thus  the 
growth  of  short  wind-waves.  The  wind  was  light  (2-3  m  s“  * ) 
at  the  SAR  observation  time,  so  a  change  of  stability  can  have 
a  large  effect  on  short  wind-wave  generation. 

The  warmer  water  to  the  east  of  the  dark  AVHRR  feature  is 
moving  westwards  along  the  coast  as  a  coastal  jet:  typical  cur¬ 
rent  speeds  measured  by  the  ship-borne  ADCP  were  60  cm  s“  ’ , 
and  sharp  changes  in  the  current  were  measured  when  the  ship 
moved  across  the  wavelike  (frontal)  boundaries  shown  in  the 
the  right-hand  SAR  image  in  Fig.  2. 

3.2.  Surface  Slicks 

There  were  unfortunately  no  ERS  SAR  images  obtained  at 
times  when  slick  samples  were  taken  by  the  “mini  research 
vessel”.  However,  the  air  and  sea  temperature  measurements 
shown  in  Fig.  3,  as  the  vessel  was  driven  through  a  natural 
slick,  are  of  considerable  interest.  They  show  that  the  water 
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Original  ERS  SAR  data  (c)  ESA/TSS  1995.  Image  analysis  NERSC 


Figure  2:  Left:  NOAA  1  AVHRR  image,  1995  September  30,  12:30  UTC,  indicating  sea  surface  temperature.  Cold  regions 
appear  dark. 

Right:  ERS-2  SAR  image,  10:41  UTC,  with  ship  track  indicated. 

Centre:  ERS-1  SAR  image,  21:37  UTC 


temperature  is  higher  in  the  presence  of  a  slick,  presumably  as  a 
result  of  reduced  wave-induced  mixing  and  thus  greater  stratifi¬ 
cation  of  the  water  column.  Analysis  of  slick  material  indicates 
that  they  were  composed  predominantly  of  natural  surfactant 
materials  from  marine  organisms,  rather  than  from  terrestrial 
sources  as  seen  in  slicks  in  Qord  regions  [11].  More  foam  was 
also  present  in  the  slicks  observed  offshore,  presumably  as  a 
result  of  increased  wave  action. 


3.3.  Wind  Velocity,  Atmospheric  Fronts  and  Rain  Showers 

Fig.  4  shows  a  SAR  image  from  September  14,  and  the  wind 
computed  from  the  CMOD4  algorithm.  Wind  vectors  are  com¬ 
puted  using  ctq  averaged  over  lOOx  100  pixels  and  assuming  a 
constant  wind  direction  along  the  streaks  seen  in  the  lower  part 
of  the  image.  The  wind  speeds  shown  are  somewhat  less  than 
predicted  in  the  Norwegian  Meteorological  Institute  24-hour 
forecast  for  the  same  period. 

Fig.  5,  a  SAR  image  from  1995  September  27,  10:36  UTC, 
shows  a  frontal  line  advancing  from  the  west,  with  cellular 
rain-shower  features.  In  the  calmer  region  towards  the  top  of 
the  image,  oceanic  frontal  features  can  still  be  seen. 


Figure  3:  Air,  and  water  (SM  =  surface  microlayer,  and  20  cm 
depth)  temperatures  measured  from  the  mini  research  vessel  on 
1995  September  18. 
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Original  data  ©  ESA/TSS  1995.  Image  analysis  NERSC. 

Figure  4:  SAR  image  from  1995  September  14,  showing  wind 
streaks  and  wind  speed  computed  using  the  CMOD4  algorithm. 
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Abstract  -  A  new  technique  has  been  developed  to  measure 
ocean  surface  slopes  by  polarimetric  SAR.  This  technique 
has  the  potential  of  estimating  surface  slope  in  the  along- 
track  direction  at  an  accuracy  of  a  fraction  of  a  degree. 
Experimental  results  using  NASA/JPL  AIRSAR  P-,  L-, 
C-band  data  from  the  Gulf  Stream’ 90  Experiment  showed 
a  sudden  slope  change  at  a  converging  current  front.  The 
effect  of  velocity  bunching  on  this  measurement  technique 
is  also  investigated. 


INTRODUCTION 

The  topographic  effect  of  ocean  surface  features,  such 
as  current  fronts,  eddies,  and  surface  waves  can  be 
measured  with  radar  altimeters  to  an  accuracy  of  a  few 
centimeters.  The  conventional  altimeter  provides  only  a 
surface  topographic  profile  along  the  radar  flight  path. 
Although  a  scanning  altimeter  or  a  cross-track 
interferometric  SAR  can  measure  topography  over  2-D 
land  surfaces,  their  application  to  ocean  surfaces  is  limited 
by  the  required  accuracy.  In  this  paper,  we  propose  a 
new  technique  that  uses  polarimetric  SAR  to  measure  the 
slope  in  the  along-track  direction  over  a  2-D  ocean 
surface.  With  a  given  topographic  profile  in  the  cross¬ 
track  direction,  this  technique  may  have  the  potential  to 
derive  2-D  topography  by  integration. 

The  capability  of  SAR  for  the  imaging  of  ocean  waves, 
currents,  surfactants,  slicks,  etc.  has  been  studied  in  great 
detail  (Uasselman  et  aly  1985,  Alpers  et  ah  1981). 
However,  few  studies  have  been  devoted  to  the 
understanding  of  polarimetric  aspects  of  the  SAR  response 
to  waves,  currents  and  other  ocean  surface  features. 
Polarimetric  SAR  simultaneously  collects  thebackscattered 
responses  from  HH,  HV,  VH  and  W  polarizations,  from 
which  a  Mueller  matrix  can  be  formed.  From  the  Mueller 
matrix,  the  inherent  scattering  mechanism  can  be  revealed 
by  the  polarization  signature  {van  Zyh  1987).  Schuler  et 
al  (1993)  have  shown  that,  based  on  the  stochastic  surface 
tilts  suggested  by  Cox  and  Munk  (1954),  the  polarimetric 
SAR  response  of  an  ambient  ocean  surface  agrees  with  the 
tilted-Bragg  model  (  Valenzuela,  1968). 

For  idealized  Bragg  scattering,  the  peak  value  of  the 
co-polarization  signature  plot  occurs  at  a  polarization 
orientation  angle  of  90°,  and  an  ellipticity  angle  of  0°(i.e., 
at  W  polarization).  However,  a  tilted  surface  in  the 
azimuth  direction  introduces  HV  and  VH  components,  and 
causes  a  shift  of  the  location  of  the  maximum  response 


away  from  the  orientation  angle  of  90°.  The  amount  of 
shift  correlates  with  the  slope  of  the  tilted  surface.  This 
phenomenon  has  been  utilized  to  develop  slope 
measurements  of  mountainous  desert  terrain  and  forested 
areas  [1]  {Schuler,  Lee  and  De  Grandly  1996).  For 
topographic  measurements,  the  inhomogeneities  of  forest 
and  desert  areas  often  introduce  various  dominant 
scattering  mechanisms.  Algorithms  for  the  slope 
measurement  have  to  be  carefully  devised  to  account  for 
this  variation.  For  ocean  surfaces,  however,  the  dominant 
scattering  mechanism  for  incident  angles  between  25°  to 
65°  has  been  adequately  represented  by  a  composite 
surface  (tilted-Bragg)  model  for  the  backscatterer 
{Valenzuela y  1968).  Consequently,  the  estimation  of 
ocean  surface  slope  is  expected  to  produce  more  consistent 
results. 

This  slope  measurement  technique  is  applied  to  the  P-, 
L-,  C-band  polarimetric  SAR  images  of  a  current  front 
with  converging  flows.  The  orientation  angle 
displacement  in  the  co-polarization  signature  is  computed 
for  each  pixel.  The  results  for  P-  and  L-Band  show  a 
sudden  1.3°  slope  change  at  the  front.  The  C-band  results 
are  not  acceptable  because  of  a  higher  noise  level,  The 
effect  of  velocity  bunching  on  this  measurement  technique 
has  been  investigated.  The  limitations  of  this  technique 
are  discussed. 

POLARIMETRIC  SAR  MEASUREMENTS 

During  the  1990  Gulf  Stream  Experiment,  the 
NASA/JPL  AIRSAR  imaged  the  north  edge  of  the  Gulf 
stream  supersite  near  the  coast  of  Virginia  (36.5°N, 
72.0°W)  {Valenzuela,  1991).  Simultaneous  shipboard 
measurements  of  currents,  temperature,  salinity,  etc.  were 
also  made  by  R/V  Cape  Henlopen.  Two  relatively  bright 
lines  in  the  SAR  imagery  delineated  a  filament  of  cool, 
fresh  water  that  was  entrained  by  the  Gulf  Stream  as  it 
passed  near  the  continental  shelf.  The  vertical  bright  line 
seen  in  Fig.  1  corresponds  to  a  surface  front  having 
relatively  weak  current  shear,  but  a  convergence  velocity 
(measured  at  7-m  depth)  of  about  20  cm/s.  Nearly 
coincident  interferometric  SAR  measurements  confirm  the 
weak  shear  and  show  a  surface  convergence  of  20-25 
cm/s.  Ocean  waves  were  driven  by  southwesterly  8  m/s 
winds.  A  detailed  discussion  of  the  environmental  setting 
and  in-situ  measurements  is  given  by  Marmorino  et  al  [2]. 

The  typical  image  covers  an  area  of  12.4  km  in 
azimuth  and  9  km  in  slant  range.  The  incidence  angle 
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<  —  Flight  Direction  (  <  —  NORTH  ) 


(A)  P-Band,  HV  Polarization  (B)  P-Band,  W  Polarization 

Fig.  1  The  P-Band  HV  and  W  radar  responses  of  a  Gulf  Stream  converging  front.  The  R/V  Cape  Helopen  was 
crossing  the  front.  The  HV  response  ( «  2  dB)  is  much  higher  than  W. 


varies  across  the  image  from  10  to  65  degrees.  Flight 
paths  of  the  AIRS  AR  crossed  the  convergent  front  several 
times,  providing  valuable  data  for  analysis.  A  north-south 
pass  was  investigated  (AIRSAR  data:  CM3597),  and  it 
was  found  that  the  cross-pol  (HV)  signatures  of  the  front 
are  much  higher  than  co-pol  responses  (W  and  HH),  and 
that  P-Band  HV  has  the  highest  signal-to-background  ratio 
(«2  dB).  The  P-band  HV  and  W  images  are  shown  in 
Fig.  1,  where  the  R/V  Cape  Henlopen  is  crossing  the 
converging  front.  It  is  interesting  to  note  that  P-band  W 
has  a  very  weak  signature.  The  presence  of  strong 
signatures  in  HV  polarization  indicates  that  strong  wave- 
current  interactions  are  producing  large  surface  tilts  in  the 
along-track  direction. 

OCEAN  SURFACE  SLOPE  MEASUREMENT 

For  idealized  Bragg  scattering,  the  scattering  matrix  can 
be  represented  by 


where  a  and  b  are  real,  and  i  > a  (i.e. ,  >  u^hh)*  The  HV 

and  VH  polarization  responses  are  zero.  The  polarization 
signature  was  introduced  by  van  Zyl  et  al  (1987)  to 
graphically  represent  the  variation  of  scattering  cross- 
section  as  a  function  of  the  ellipticity  and  orientation 
angles  of  the  transmitted  waves.  Using  the  polarimetric 
SAR  data  (CM3597),  for  incidence  angles  between  20® 
and  65®,  co-polarization  signatures  of  all  three  bands 
display  the  same  characteristics  as  Bragg  scattering. 


For  Bragg  scattering,  maximum  co-polarization 
signatures  occur  at  an  orientation  angle  i/'=90®,  and 
ellipticity  angle  x=0^  (i*^*)  al  W-polarization). 

However,  a  tilted  ocean  surface  in  the  azimuth  direction 
introduces  HV  and  VH  components,  and  causes  a  shift  of 
the  location  of  the  maximum  response  in  the  co¬ 
polarization  signature  away  from  \^=90®.  The  amount  of 
shift  from  ^=90®  correlates  with  the  slope  of  the  tilted 
surface.  Intuitively,  the  maximum  co-pol  response  occurs 
when  the  vertical  antenna  is  perpendicular  to  the  ocean 
surface  in  the  azimuth  direction.  The  surface  tilt  causes 
the  shift  of  the  maximum  response  away  from  the  vertical 
position.  The  amount  of  shift  can  be  visualized  as  the 
rotation  of  the  vertical-horizontal  basis  vectors  to  an  angle 
where  the  vertical  component  is  again  perpendicular  to  the 
tilted  surface.  This  phenomenon  has  been  utilized  by 
Schuler  et  aL[l]  for  slope  measurements  of  non-forested 
mountainous  desert  terrain,  where  the  Bragg  scattering 
mechanism  is  also  dominant. 

This  new  slope  measurement  technique  is  applied  to  the 
same  data  of  Fig.  1  in  the  boxed  area  (shown  in  Fig.lA) 
to  measure  the  slope  change  across  the  converging 
currents.  The  ideal  polarimetric  SAR  imaging  alignment 
for  the  slope  measurement  is  to  have  the  front  aligned  in 
the  range  direction.  The  AIRSAR  CM3597  image  is  one 
set  of  data  that  possesses  this  alignment.  The  P-Band 
polarimetric  data  is  used  to  compute  the  orientation  angle 
of  the  maximum  co-pol  response  for  each  pixel.  The 
result  for  the  lower  right  quarter  of  data  is  shown  as  an 
image  in  Fig.  2.  This  figure  displays  a  sudden  slope 
change  at  the  convergent  front  of  about  1®.  The  R/V 
Cape  Henlopen  is  crossing  the  front  in  this  image  and  its 
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Fig. 2  The  P-band  polarimetric  SAR  measured  surface  slopes  around  the  convergent  front  is  encoded  as  a 
gray-level  image  (on  the  left).  Profiles  of  50  line  average  for  P-band  and  L-band  at  a  position  below  the  ship 
are  also  shown.  The  estimated  slope  at  the  front  has  an  abrupt  change  from  +0.8^"  to  -0.5®. 


wake  can  be  seen  as  a  contrasting  dark  streak.  To 
quantify  the  slope  change  at  the  front,  a  50-line  average 
below  the  ship  (at  incidence  angle =47®)  is  plotted  in  Fig. 
2.  Also  shown  (Fig.  2B)  is  the  result  when  L-Band  is 
used.  The  estimated  slope  at  the  front  has  an  abrupt 
change  from  an  average  of  +0.8®  to  -0.5®.  C-Band  with 
its  shorter  wavelength  is  more  subject  to  local  wave 
variations  >  the  noise  level  is  much  too  high  for  slope 
measurements. 

REMARKS 

The  polarization  orientation  angle  shift  for  a  given 
surface  tilt  is  incident  angle  and  HH  to  W  ratio 
dependent.  For  a  given  incident  angle  and  HH  to  VV 
ratio,  a  theoretically  derived  function  relates  the  shift  of 
orientation  angle  to  the  surface  tilts.  This  function  should 
be  applied  to  map  the  polarimetric  SAR  orientation  angle 
shifts  into  surface  tilts. 

The  velocity  bunching  affects  the  accuracy  of  this  slope 
measurement  technique.  We  have  estimated  this  effect 
using  polarimetric  SAR  imagery  with  azimuth  traveling 
waves.  The  velocity  bunching  effects  are  very  apparent. 
However,  no  appreciable  slope  change  is  detected  which 


corresponds  to  the  wave  pattern.  This  is  due  to  the  fact 
that  the  velocity  bunching  causes  the  resolution  cells  with 
opposite  slopes  to  merge  together.  The  summation  of 
positive  and  negative  slopes  neutralizes  the  effect  of 
orientation  angle  shift,  and  reduces  the  effectiveness  of 
this  new  polarimetric  technique. 
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Abstract  -  The  two  biggest  challenges  facing  pre-college  and 
undergraduate  educators  in  bringing  satellite  data  into  their 
classroom  is  the  lack  of  a  theoretical  background  and  the  lack 
of  time  to  tailor  currently  available  curriculum  materials  to 
their  particular  classroom  application.  The  proposed  5-day 
curriculum  workshop  will  iw^ovide  teachers  the  background  to 
interpret  a  wide  variety  of  satellite  imagery  and  the  time  to 
develop  some  of  their  own  classroom-ready  materials.  The 
first  two  days  of  the  workshop  will  be  dedicated  to  providing 
a  background  on  the  principles  of  remote  sensing,  types  of 
sensors,  their  application,  and  some  of  the  various 
ocean/atmospheric  processes  currently  studied  from 
spacebome  instruments.  Application  of  the  background 
material  discussed  during  the  first  two  days  will  be  provided 
on  the  third  day  through  hands-on  computer  exercises  on 
satellite  data  enhancements  and  interpretation.  Participants 
will  explore  the  World  Wide  Web  for  currently  available 
curriculum  materials  on  the  fourth  day,  and  the  final  day  will 
provide  the  participants  the  opportunity  to  develop  classroom 
materials  presente^discover^  during  the  previous  sessions. 
At  the  conclusion  of  the  workshop,  participants  will  have 
been  exposed  to  how  remote  sensing  is  used  to  study  various 
aspects  of  the  earth's  environment,  and  will  have  some 
classroom-ready  materials. 

THE  PROBLEM 

Satellite  images  of  the  earth's  atmosphere,  hydrosphere, 
lithosphere,  and  biosphere  have  proven  to  be  valuable  tools  in 
illustrating  the  complexity  of  the  earth's  environmental 
systems.  Satellites  are  used  to  monitor  our  rapidly  changing 
weather,  El  Nino  Southern  Oscillations  in  the  Pacific,  ocean 
currents,  land  and  oceanic  vegetation,  polar  sea  ice 
distribution,  and  stratospheric  ozone.  Students  at  all  levels 
daily  see  applications  of  satellite  data  for  short  term  decisions 
such  as  hazardous  weather  preparation  and  long  term  policy 
making  such  as  global  warming  and  stratospheric  ozone 
depletion.  Increased  use  of  satellite  technology  in  the 
classroom  will  increase  student  knowledge  of  the  dynamical 
nature  and  complexity  of  the  earth's  environment,  student 
awareness  of  social  environmental  issues,  and  student  interest 
in  careers  in  environmental  science/engineering. 

Educators  find  incorporating  satellite  data  into  their  science 
curriculum  difficult,  however,  due  to: 

1 .  the  technical  complexity  of  the  data, 

2.  the  computer  hardware/software  requirements  to  process 
the  data. 


3.  little  theoretical  background  on  the  ocean/atmosphere 
processes  illustrated  by  the  satellite  data,  and, 

4.  little  time  during  the  academic  year  available  to  develop 
curriculum. 

The  goal  of  this  project  is  to  make  it  easier  for  satellite  data 
to  be  incorporated  into  pre-college  and  undergraduate  science 
classrooms. 

THE  PROPOSED  SOLUTION 

The  proposed  5-day  curriculum  workshop  seeks  to  resolve 
some  of  these  issues  by: 

1.  providing  educators  with  a  background  on  the  physical 
radiation  principles  which  form  the  foundation  for 
measuring  geophysical,  biological,  and  chemical 
processes  from  space., 

2.  providing  educators  with  a  background  on  the  various 
ocean/atmosphere  processes  currently  studied  from 
spacebome  instruments,  and, 

3.  providing  the  educators  some  computer  resources  and 
time  to  develop  some  classroom  ready  materials. 

Plans  call  for  two  of  these  workshops  to  be  held.  The  first 
will  be  at  the  Satellites  and  Education  Meeting  in  West 
Chester,  Pennsylvania,  in  March  1997.  The  second  will  be 
held  at  Ae  Coast  Guard  Academy  in  July  1997.  The  first  two 
days  of  each  workshop  will  be  dedicated  to  providing  a 
background  on  the  principles  of  remote  sensing,  types  of 
sensors,  their  application,  and  some  of  the  various 
ocean/atmospheric  processes  currently  studied  from 
spacebome  instruments  (stratospheric  ozone,  ocean 
circulation,  El  Nino,  phytoplankton,  and  sea  ice).  All 
materials  presented  during  these  sessions  will  be  available  to 
the  participants.  Application  of  the  background  material 
discussed  during  the  first  two  days  will  be  provided  on  the 
third  day  through  hands-on  computer  exercises  on  satellite 
data  enhancements  and  interpretation.  Participants  will 
explore  the  World  Wide  Web  (WWW)  for  currently  available 
curriculum  materials  on  the  fourth  day,  and  the  final  day  will 
provide  the  participants  the  opportunity  to  develop  classroom 
materials  presented/discover^  during  the  previous  sessions. 
At  the  conclusion  of  the  workshop,  participants  will  have 
been  exposed  to  how  remote  sensing  is  used  to  study  various 
aspects  of  the  earth's  environment,  and  will  have  some 
classroom-ready  materials.  All  materials  developed  during  the 
workshops  will  be  placed  on  the  WWW  for  wider 
dissemination  and  evaluation/improvement. 
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Abstract  —  A  productive  topic  for  introducing  Earth  Systems 
science  in  K-12  classrooms  is  global  environmental  change. 
Beginning  with  changes  in  the  local  environment,  students  are 
led  to  construct  an  understanding  of  how  these  changes  afect 
all  of  Earth’s  subsystems,  including  humans  and  their  activi¬ 
ties.  They  follow  the  local  changes  into  national  or  regional 
ones  on  a  laiger  scale  of  space  and  time,  and  conclude  at  the 
higher  grades  with  studies  of  global  phenomena  such  as  altep 
ations  in  atmospheric  composition,  ocean  circulation  patterns, 
and  biological  diversity.  Curriculum  materials  and  teacher  edu¬ 
cation  programs  offered  through  the  Ohio  Sea  Grant  Education 
Program  at  The  Ohio  State  University  focus  on  such  topics  of 
change,  and  use  remotely  sensed  images,  electronic  network¬ 
ing  and  other  modem  technologies  in  a  collaborative  learning 
setting. 

BACKGROUND 

Earth  Systems  Education  is  a  K-12th  grade  program  of  cuf 
riculum  restructure  in  which  teachers  take  responsibility  for 
critical  evaluation  of  their  science  curriculum,  including  con¬ 
tent,  classroom  processes,  learner  outcomes  and  assessment,  and 
strive  to  make  changes  that  create  a  curriculum  more  respon¬ 
sive  to  human  needs  and  future  quality  of  life  [1].  Earth  Sys¬ 
tems  Education  is  based  on  integration  of  traditional  science 
disciplines  for  a  more  comprehensive  understanding  of  the  in¬ 
teractions  of  Earth  subsystems:  the  hydrosphere,  lithosphere, 
atmosphere  and  biosphere.  In  studies  of  the  Earth  system,  stu¬ 
dents  find  science  relevant  and  exciting;  learners  seek  informa¬ 
tion  from  varied  sources  and  apply  the  processes  and  concepts 
of  science  as  the  bases  for  answering  important  questions. 

Earth  Systems  Education  efforts  are  guided  by  a  Framework 
of  seven  Understandings  developed  by  science  teachers,  sci¬ 
ence  educators  and  scientists  to  represent  fundamental  desired 
results  of  all  of  science  education  (Fig.  1). 

Since  the  most  prevalent  existing  science  instmctional  mode 
is  almost  entirely  textbook  focused  and  delivered  by  lecture, 
new  systems-based  efforts  such  as  education  about  global  change 
require  specially  designed  materials  and  methods  to  break  in¬ 
struction  out  of  such  modes.  With  support  from  the  National 
Science  Foundation  and  the  National  Oceanic  andAtmospheric 
Administration,  two  volumes  of  curriculum  activities  have  been 
developed  for  secondary  science  classrooms.  Activities  for  the 
Changing  Earth  System  (ACES)  [2]  materials  use  innovative 
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1.  Earth  is  unique,  a  planet  of  rare  beauty  and  great 
value. 

2.  Human  activities,  collective  and  individual,  con¬ 
scious  and  inadvertent,  affect  planet  Earth. 

3.  The  development  of  scientific  thinking  and  technol¬ 
ogy  increases  our  ability  to  understand  and  utilize 
Earth  and  space. 

4.  The  Earth  system  is  comprised  of  the  interacting 
subsystems  of  water,  rock,  ice,  air  and  life. 

5.  Planet  Earth  is  more  than  4  billion  years  old,  and  its 
subsystems  are  continually  evolving. 

6.  Earth  is  a  small  subsystem  of  a  solar  system  within 
the  vast  and  ancient  universe. 

7.  There  are  many  people  with  careers  that  involve  study 
of  the  origin,  processes,  and  evolution  of  Earth. 

FigJ.  Framework  of  Earth  Systems  Understandings 


field,  laboratory  and  classroom  techniques  to  address  global 
change  issues  on  a  planetary  scale.  Great  Lakes  Instructional 
materials  for  the  Changing  Earth  System  (GLIMCES)  [3]  take 
similar  issues  into  the  ecoregional  context  of  the  Great  Lakes 
of  North  America,  where  the  manifestations  of  change  are  more 
specific  and  relevant  to  a  binational  audience. 

GLOBAL  CHANGE  IN  EARTH  SYSTEMS  EDUCATION 

Once  almost  entirely  confined  to  scientific  journals,  com¬ 
plex  scientific  research  and  data  interpretations  have  found  their 
way  into  everyone's  daily  life,  thanks  laigely  to  the  mass  me¬ 
dia.  People  have  come  to  expect  that  when  they  read  or  listen 
to  news  reports,  they  are  likely  to  be  informed  of  the  results  of 
one  scientific  study  or  another.  Earth  Systems  Education,  with 
its  mission  of  science  literacy,  sees  this  as  a  teachable  moment. 
Science  has  relevance  to  people  in  the  forms  in  which  it  is  pre¬ 
sented  by  the  media,  but  those  media  often  raise  as  many  ques¬ 
tions  as  they  answer.  Using  global  change  as  an  interesting, 
sometimes  controversial,  science  topic  that  has  implications 
for  everyone,  gives  teachers  entre  for  instructional  experiences 
that  lead  to  interdisciplinary  science  understandings. 

Earth  Systems  Understanding  (ESU)  #  1  is  illustrated  through 
the  value  of  Earth's  resources  that  potentially  will  be  altered  by 
global  change.  The  shifting  of  climate  patterns,  with  resulting 
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changes  in  agricultural  belts,  forest  composition,  animal  ranges, 
and  other  ecosystem  responses,is  a  simple  example  that  can 
anticipate  parallel  economic  changes.  Where  will  the  com  belt 
be  in  the  next  century?  Will  Canada's  national  symbol,  the  sugar 
maple,  still  be  able  to  grow  there? 

If  students  achieve  ESU  #2,  they  understand  that  human  in¬ 
duced  environmental  changes  are  the  basis  of  many  global  prob¬ 
lems.  Population  growth  and  resource  consumption  put  pres¬ 
sure  on  natural  systems  that  can  result  in  irreversible  changes 
in  the  Earth  system. 

ESU  #3  is  the  basis  of  good  science  process.  It  relates  to 
how  scientists  have  learned  about  global  change  by  using  their 
tools  and  observations  to  assemble  datasets.  Analyzing  and 
comparing  the  trends  can  reveal  the  relationships  that  are  key 
to  understanding  Earth  processes  and  changes.  With  ESU  #4 
students  are  reminded  that  everything  is  connected  to  every¬ 
thing  else,  and  when  one  component  of  the  Earth  system  changes 
there  are  likely  to  be  changes  in  the  other  components  as  well. 
In  a  greenhouse  warming  scenario,  for  example,  changes  in  at¬ 
mospheric  composition  result  in  a  warmer  climate,  which  can 
cause  melting  of  polar  ice  (cryosphere),  rising  of  sea  level  (hy¬ 
drosphere)  related  to  thermal  expansion,  increasing  coastal  ero¬ 
sion  (lithosphere)  and  destruction  of  wetlands  (biosphere). 

According  to  ESUs  #5  and  6,  the  Earth  system  as  we  know  it 
is  part  of  the  solar  system,  and  Earth  features  such  as  the  atmo¬ 
sphere,  landforms,  oceans  and  living  things  are  the  product  of 
dynamic  changes  that  are  ongoing.  If  change  is  natural,  then, 
how  do  scientists  decide  whether  global  change  is  human  in¬ 
duced  or  part  of  a  normal  cycle  for  the  Earth  system? 

Finally,  in  a  study  of  global  change  students  can  encounter 
the  work  of  many  types  of  scientists,  demonstrative  of  the  kinds 
of  careers  in  Earth  system  monitoring,  data  analysis,  ecosystem 
assessment,  remote  sensing,  communication,  and  such.  To  in¬ 
troduce  students  to  the  excitement  of  seeking  answers  to  com¬ 
plex  questions  with  such  direct  implications  for  Earth’s  future 
can  help  to  draw  new  talent  into  growing  fields  of  science. 

EXAMPLES  OF  MULTIDISCIPLINARY  STUDIES 

Topics  within  the  materials  include  some  designed  to  ad¬ 
dress  all  the  interacting  Earth  subsystems.  They  are  specifi¬ 
cally  not  classified  as  being  biological,  meteorological,  or  other 
disciplinary  topics,  but  instead  begin  with  such  questions  as 
‘‘How  will  we  get  enough  fresh  water  for  a  warmer  world?” 
“What  is  meant  by  the  Earth’s  energy  budget?”  and  “After  the 
maples,  then  what?” 

An  example  of  an  ACES  activity  is  “Do  volcanic  eruptions 
have  an  impact  on  global  climate  and  atmospheric  conditions?” 
Some  significant  volcanic  eruptions  since  1883  are  plotted  on  a 


world  map  using  geographic  coordinates,  and  the  Volcanic 
Explosivity  Index  for  each  is  entered  on  a  graph  of  time  versus 
global  atmospheric  temperature.  Students  compare  the  three 
data  sets  to  determine  the  relationships.  For  example,  which 
volcanic  eruptions  appeared  to  coincide  with  global  tempera¬ 
ture  anomalies?  Are  the  geographic  locations  of  the  volcanoes 
associated  with  their  apparent  temperature  effects?  Were  there 
periods  of  high  volcanic  activity  associated  with  major  climatic 
events? 

Global  changes  are  sometimes  signaled  by  changes  in  liv¬ 
ing  things,  and  indicator  species  such  as  the  miners  canary 
may  be  studied  to  help  us  detect  such  changes  as  well  as  fore¬ 
cast  their  potential  impacts.  The  Christmas  Bird  Count  con¬ 
ducted  throughout  North  America  is  one  data  source  readily 
available  to  schools  for  such  studies,  and  time  series  satellite 
imagery  can  provide  similar  information  about  vegetation 
changes.  For  aquatic  environments,  a  set  of  activities  built 
around  “The  Downeaster  Alexa,”  a  1989  song  by  Billy  Joel, 
invites  students  to  study  the  decline  of  the  commercial  fishery 
for  striped  bass  off  New  England.  Datasets  from  NOAA,  fish¬ 
ery  management  regulations  from  the  northeastern  U.S.,  and 
climate  model  predictions  from  a  scientific  journal  article  are 
used  as  the  basis  for  students  to  decide  “What  causes  the  de¬ 
cline  of  a  fishery?”  The  information,  however,  is  not  only  a 
study  in  science,  but  also  in  the  culture  of  the  striped  bass  fish¬ 
ery.  Students  hea  *  the  poignant  tale  of  hard  life  in  the  Joel 
song,  and  begin  to  !)  appreciate  the  value  of  science  in  ad¬ 
dressing  human  concerns,  and  2)  identify  the  interconnections 
between  human  activity  and  size  of  wildlife  populations. 

The  Global  Climate  Game  makes  an  excellent  culminating 
activity  for  studies  of  global  change.  Teams  of  students  move 
a  single  playing  piece  around  a  game  board,  making  collective 
decisions  in  response  to  issues  that  will  affect  the  amount  of 
C02  in  the  atmosphere.  For  each  decision,  environmental  points 
are  awarded,  and  amounts  of  C02  increase  result.  With  the 
object  of  the  game  being  to  have  the  least  effect  on  global 
change,  student  teams  soon  realize  that  making  wise  choices  in 
personal  lifestyles  will  have  the  most  positive  effects,  but  they 
also  find  that  not  everyone  in  the  team  may  agree  with  those 
choices.  Since  the  game,  as  in  life,  reminds  them  that  “we’re 
all  in  this  together,”  they  evaluate  costs  and  benefits  of  options 
without  seeing  them  as  simply  good  or  bad. 

STRUCTURE  OF  GLOBAL  CHANGE  INSTRUCTIONAL 
MATERIALS 

If  learning  is  to  be  relevant  to  students  it  must  fit  into  their 
existing  cognitive  frameworks;  that  is,  it  must  relate  to  situa¬ 
tions  or  ideas  they  have  encountered,  and  preferably  have  im¬ 
plications  for  them  directly.  Such  abstract  and  complex  con¬ 
cepts  as  global  change  must  be  especially  structured  to  meet 
these  needs,  or  no  amount  of  teaching  will  result  in  lasting  leam- 
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ing.  Therefore,  materials  about  global  change  and  the  Earth 
system  follow  the  methods  of  what  educators  call  the  Learning 
Cycle  [4]. 

Instruction  begins  with  engaging  the  student's  attention, 
through  an  exciting  activity,  or  through  direct  relationship  to 
something  the  student  already  knows.  For  global  change,  this 
implies  here-and-now  studies.  Sometimes  these  can  be  facili¬ 
tated  by  the  mass  media:  video  clips  on  hurricanes,  stories  about 
endangered  species  found  in  the  area,  or  discussions  of  recent 
weather  extremes  and  why  they  happen. 

The  next  phase  is  to  facilitate  students’  exploring  the  idea. 
Earth  Systems  Education  uses  activities  that  bring  the  concept 
of  data  collection,  interactions,  and  change  into  the  student’s 
experience.  Studies  of  global  climate  may  begin  with  data 
collection  on  local  weather,  especially  emphasizing  variations 
that  are  normal  and  examining  in  detail  those  extremes  (bliz¬ 
zards,  floods,  etc.)  that  are  memorable  to  students.  As  data  are 
analyzed  for  trends  and  compared  with  past  records  available 
from  local  meteorologists,  the  lesson  proceeds  into  concept 
development.  At  this  stage  new  terms  can  be  introduced  and 
further  complexity  built,  since  we  are  assured  that  students  at 
least  have  the  same  instructional  background  upon  which  to 
build  the  concept. 

As  students  grow  in  understanding  of  the  concept  of  climate 
change,  they  can  begin  elaborating  on  it  through  additional 
learning  experiences.  Studies  of  weather  may  generate  interest 
in  student  projects  such  as  ice  formation  on  the  Great  Lakes 
and  its  implications  for  shipping,  sea  level  rise  and  its  impact 
on  coastal  developments,  presence  of  new  species  of  birds  at 
the  feeder  and  the  questions  that  arise  about  why  they  have  not 
been  seen  in  the  area  before. 

The  elaboration  phase  may  thus  lead  to  new  opportunities 
for  engagement  of  student  interest.  It  may  also  lead  Xoapplica- 
tion  of  information  to  new  situations.  If  there  are  new  birds  at 
the  feeder,  will  they  compete  with  the  "native"  birds?  Are  there 
new  fish  in  the  river  too?  What  would  happen  if  the  new  spe¬ 
cies  outcompeted  the  natives  for  food  and  nesting/spawning 
sites? 

Completing  the  cycle  is  the  phase  of  assessing  student  un¬ 
derstanding.  Students  may  do  this  themselves  at  various  phases 
by  deciding  they  do  not  have  enough  information  to  effectively 
answer  questions.  This  is  an  important  admission,  and  if  ac¬ 
commodated  by  flexible  instructional  modes  it  can  lead  to  in¬ 
dependent  learning  and  real  accomplishment  of  science  pro¬ 
cess.  In  Earth  Systems  Education,  assessment  of  student 
progress  by  the  teacher  is  typically  not  by  testing  but  by  dem¬ 
onstration  of  competency  in  performance.  Portfolio  assessment 
allows  students  to  assemble  the  pieces  that  best  reflect  their 
own  understanding  and  the  extent  to  which  they  have  elabo¬ 


rated  and  applied  their  learning.  Other  assessment  products 
might  include  peer  teaching  tools  by  which  student  groups  teach 
each  other  about  the  explorations  they  have  completed.  In  ad¬ 
dition  to  providing  information  about  subject  matter  mastery 
such  products  encourage  the  development  of  effective  com¬ 
munication  skills. 

DELIVERY  OF  CURRICULUM  INNOVATIONS 

Since  interdisciplinary  problem-based  learning  is  not  stan¬ 
dard  practice  in  most  K- 12  schools,  teacher  education  programs 
reinforce  the  need  for  new  methods  of  classroom  leadership. 
Earth  Systems  Education  efforts  have  reached  out  to  classrooms 
all  over  North  America,  to  several  South  American  countries, 
and  most  recently  the  Pacific  Rim.  Workshops  for  educators 
involve  participants  in  cooperative  learning  and  provide  assis¬ 
tance  in  developing  collaborative  investigations.  Sources  are 
provided  for  remotely  sensed  images  and  interdisciplinary  data 
sets;  programs  for  electronic  networking  are  introduced  and 
facilitated.  Ohio  Sea  Grant,  the  continuing  sponsor  of  innova¬ 
tions  such  as  GLIMCES,  markets  and  distributes  the  curricu¬ 
lum  materials  and  supports  the  efforts  to  remain  responsive  to 
changing  needs  in  Earth  system  science  education.  A  catalog 
of  the  materials  described  here,  and  others  useful  for  Earth  Sys¬ 
tems  Education,  is  available  from  the  authors. 
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ABSTRACT 

With  the  proliferation  of  personal  computers  and  CD-ROM 
devices  in  secondary  school  classrooms  there  is  the 
opportunity  to  make  available  scientific  study  packages  of 
current  environmental  issues  using  CD-ROM  media.  The 
Aspen  Global  Change  Institute  and  scientists  from  NASA’s 
Goddard  Space  Flight  Center  are  developing  an  integrated 
package  of  selected  Landsat  satellite  data  sets  emphasizing 
tropical  forests,  publicly  available  image  analysis  software  for 
PCs,  ancillary  information  such  as  photographs,  and  specific 
lesson  plans,  all  on  a  CD-ROM  titled  "The  Changing 
Forest,"  for  use  in  secondary  school  science  classes. 
Emphasis  will  be  placed  on  simplicity  and  ease  of  use, 
coupled  to  specific  lesson  plans  developed  around 
environmental  issues  and  concepts  for  which  satellite  data 
provide  a  unique  information  source.  Themes  are  introduced 
that  include  the  extent,  rate,  fragmentation  and  edge  effect 
associated  with  deforestation  and  remote  sensing  technologies 
in  land  cover  assessment.  Selected  CD-ROM  content  and 
interactive  strategies  to  engage  the  student  user  are  discussed. 

INTRODUCTION 

How  much  of  the  Earth's  surface  is  covered  in  forest? 
What  are  natural  rates  of  change  in  forest  cover  and  what  are 
rates  of  deforestation  from  human  activity  in  different  regions 
of  the  world?  Questions  such  as  these  have  become 
increasingly  important  since  concern  over  deforestation  has 
gained  public  attention  globally.  In  an  international  opinion 
poll  about  the  environment,  60  percent  of  those  surveyed  in 
developing  countries  and  64  percent  in  industrialized  countries 
found  loss  of  rainforests  to  be  a  "major  problem"  [1].  There 
is  a  timeliness  associated  with  forest  issues  and  an  educational 
opportunity  that  spans  basic  science  and  policy.  Skole  and 
Tucker  found  that  deforestation  in  the  Brazilian  Amazon 
increased  nearly  three-fold  from  78,000  sq.  km.  in  1978  to 
approximately  230,000  sq.  km.  in  1988.  Taking  into 
account  the  isolated  forest  fragments  and  forest  edge  effects 
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the  total  affected  forest  habitat  increased  from  an  estimated 
208,000  to  588,000  sq.  km.  during  the  same  period  [2]. 

Forest  issues  are  interdisciplinary  and  are  conducive  to 
exploration  in  an  inquiry-based  education  project.  The 
Changing  Forest  CD-ROM  project,  a  collaboration  of  the 
NASA  Goddard  Space  Flight  Center  and  the  Aspen  Global 
Change  Institute  ^  takes  advantage  of  the  digital  capacity  of 
CD-ROMs,  the  growing  availability  of  CD-ROM  technology 
in  the  classroom  [3]  and  the  significant  amount  of  digital  data 
available  for  determining  global  vegetative  cover,  such  as  for 
Amazonia  [4] . 

The  following  statement,  "Forests  world  wide  have  been 
and  are  being  threatened  by  uncontrolled  degradation  and 
conversion  to  other  types  of  land  use,  influenced  by 
increasing  human  needs;  agricultural  expansion;  and 
environmentally  harmful  mismanagement"  [5]  came  not  from 
a  forest  conservation  group,  but  rather  one  signed  by  178 
governments  at  the  United  Nations  Conference  on 
Environment  and  Development  (UNCED),  June  1992,  in  Rio 
de  Janeiro.  UNCED  also  produced  a  "Statement  of  Forest 
Principles"  that  identified  a  critical  need  for  "reliable  and 
accurate  information  on  forests  and  forest  ecosystems"  [6]. 
This  need  for  accurate  forest  information  is  a  recognition  of 
the  limitations  found  in  estimates  made  by  more  traditional 
methods,  such  as  ground  and  limited  aerial  surveys.  This  is 
particularly  true  in  attempting  to  detect  change  over  time. 

Since  1972,  beginning  with  Landsat  1,  the  ability  to  map 
global  vegetative  patterns  from  space  became  possible,  but  a 
comprehensive  use  of  this  data  is  only  becoming  realized  in 
recent  work.  For  example,  utilizing  Landsat  satellite 
imagery,  Skole  and  Tucker  developed  and  applied  a  technique 
to  the  Brazilian  Amazon  Basin  which  is  useful  in  detecting 


1  Compton  J.  Tucker,  of  the  Laboratory  for  Terrestrial 
Physics,  NASA  Goddard  Space  Flight  Center,  Greenbelt, 
Maryland  is  project  PI  for  the  Forest  CD-ROM  Project,  with 
Gene  Feldman  and  Blanche  Meeson,  also  from  Goddard  as  co- 
PIs,  along  with  Susan  Hassol  and  John  Katzenberger,  of  the 
Aspen  Global  Change  Institute,  Aspen,  Colorado. 
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change  in  total  forest  cover,  habitat  fragmentation,  and  edge 
effects.  This  study  was  based  on  210  Landsat  Thematic 
Mapper  scenes  that  were  processed  into  a  "seamless"  dataset 
for  the  entire  Brazilian  Amazon  [7].  This  same  methodology 
is  being  applied  to  countries  neighboring  Brazil,  as  well  as  in 
Southeast  Asia,  and  tropical  Africa  [8].  This  methodology 
provides  a  means  for  improving  global  land  cover  maps  and  is 
the  basis  for  The  Changing  Forest  CD-ROM  project,  which 
will  provide  the  opportunity  for  students  to  work  with  actual 
data  from  the  Amazon  Basin  and  explore  related  scientific, 
economic,  political,  and  social  issues. 

The  Changing  Forest  CD-ROM  will  integrate  the  Amazon 
dataset  with  oblique  aerial  photographs  taken  during  low 
altitude  small-aircraft  flights  over  the  study  area,  on-the- 
ground  photographs  of  unique  flora  and  fauna,  sounds  of  the 
rain  forest,  and  "Quicktime"  video  clips  of  field  scientists  at 
work.  In  addition  to  the  digital  data,  photographs,  and 
motion  pictures,  the  CD-ROM  will  contain  a  subset  of  the 
Aspen  Global  Change  Institute's  database  on  forest  topics. 
The  database,  EarthPulse  Notes^,  contains  searchable 
summaries  of  recent  research  articles  on  a  wide  variety  of 
forest  research  issues.  The  research  article  summaries 
included  in  the  CD-ROM  will  be  selected  to  provide  the  user 
with  insights  into  the  process  of  science.  In  addition,  they 
serve  as  interesting  examples  of  the  range  of  subject  matter  of 
interest  to  the  research  community.  By  becoming  familiar 
with  some  of  this  current  research,  students'  ability  to 
formulate  their  own  investigations  will  be  enhanced. 

CD-ROM  DESIGN  AND  APPROACH 
Navigation  -  5  Paths 

The  Changing  Forest  CD-ROM  design  is  intended  to 
engage  students  through  5  paths  of  exploration.  Each  is 
linked  to  the  others  and  back  to  the  main  menu.  The  paths 
are  all  within  the  context  of  the  project's  unifying  theme,  "the 
changing  forest,"  and  provide  additional  links  to  data,  image 
processing  software,  a  glossary,  resources,  sounds, 
photographs,  video  clips,  and  summaries  of  recent  scientific 
research.  The  "Games  and  Activities"  path  includes  activities 
for  both  inside  and  outside  the  classroom  and  investigations 
on  the  computer  that  include  image  processing  and 
simulations.  An  inviting  forest  scene  guides  the  user  to 
icons  of  the  five  paths  for  exploring  The  Changing  Forest: 

•  People  of  the  Forest 

•  Human-Disturbed  Forest 

•  Games  &  Activities 

•  Forest  Policy  and  Management 

«  Naturally-Disturbed  Forest 

The  aim  of  the  navigation  approach  is  to  appeal  to  different 
student  learning  styles  and  to  allow  users  to  construct  new 
understandings  of  forest  attributes  and  processes  over  repeated 
explorations  with  the  CD-ROM.  For  example,  if  a  student 


^  An  on-line  version  of  AGCIs  global  change  database, 
EarthPulse  Notes,  is  located  at  http://www.gcrio.org/agci- 
home.html 


clicks  on  "People  of  the  Forest,"  a  new  page  emerges  with 
additional  choices  such  as  indigenous  peoples,  modern 
settlers,  field  scientists  from  within  and  outside  the  country, 
and  historical  sketches.  To  help  unify  the  experience, 
students  will  create  portfolios  to  record  their  interactions  with 
The  Changing  Forest  CD-ROM.  A  simple  database  that 
contains  a  running  record  of  their  own  work  from  each 
episode  will  be  maintained  by  the  students. 

7  Themes 

Initial  work  on  The  Changing  Forest  CD-ROM  project 
identified  seven  key  forest  themes  which  integrate  social, 
scientific  and  technological  elements.  Each  of  the  seven 
themes  has  an  associated  set  of  approximately  10  questions 
that  serve  as  the  basis  for  student  investigations  that  can  be 
worked  on  individually,  as  a  whole  class,  or  in  small  groups. 
Examples  of  a  few  of  the  questions  accompanying  each  theme 
follow. 

1.  Humans  change  the  way  land  is  used  and  consequently 

change  land  cover,  such  as  forest  cover. 

•  What  types  of  changes  do  humans  make  in  the 
landscape  and  why? 

•  How  has  the  extent,  rate,  and  tools  used,  changed 
through  history? 

•  Where  on  Earth  is  the  change  most  rapid,  and  slowest? 

•  What  are  some  ecosystem  effects? 

2.  The  rate  and  extent  of  these  changes  such  as  deforestation 

can  be  significant  compared  to  natural  rates  of  change. 

•  What  natural  changes  occur  in  land  cover? 

•  What  are  the  extent  and  rate  of  change  for  various 
natural  disturbances? 

•  What  are  some  beneficial  effects  of  natural  disturbance? 

3.  Remote  sensing  is  a  powerful  tool  in  assessing  land  cover 

change. 

•  How  is  remote  sensing  used  in  land  cover  assessment? 

•  What  regions  of  the  Earth  are  well  documented,  and 
poorly  documented? 

•  What  are  the  advantages  and  limitations  of  remote 
sensing? 

4.  Ground  verification  of  remotely  sensed  data  is  critical. 

•  Why  is  it  necessary  to  verify  remotely  sensed  data? 

•  How  much  ground  work  is  necessary? 

•  What  can  be  known  without  it? 

5.  The  ratio  of  forest  edge  to  forest  area  can  significantly 

affect  the  impact  deforestation  has  on  ecosystems. 

•  What  is  the  ecological  significance  of  forest  edge? 

•  How  does  the  ratio  of  forest  edge  to  forest  vary  with 
different  patterns  of  deforestation? 

•  What  are  some  examples  of  species  that  thrive  at  the 
forest  edge? 
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6.  Change  in  forest  cover  affects  the  atmosphere. 

•  What  role  do  forests  play  in  the  global  carbon  cycle? 

•  How  do  emissions  from  biomass  burning  effect 
climate,  and  the  ozone  layer? 

•  What  is  the  magnitude  of  human  change  to  the  carbon 
cycle  versus  the  Earth’s  natural  cycle? 

7.  Visual  representation  of  land  surface  data  can  effectively 

inform  decisionmakers. 

•  How  does  the  visual  display  of  quantitative  information 
effect  how  it  is  perceived? 

•  What  are  some  examples  of  forest  cover  maps  that  have 
been  used  effectively  in  the  development  of  policy? 

•  What  types  of  visual  representation  work  best  for 
different  types  of  data? 

Linking  Students  to  Current  Research:  Three  Examples 

Consistent  with  the  goal  of  developing  understanding  and 
ability  in  the  practice  of  scientific  inquiry,  students  will  be 
able  to  access  summaries  of  selected  research  articles  on 
contemporary  forest  research  topics  on  the  CD-ROM.  These 
summaries  are  used  as  an  introduction  to  the  more  difficult 
source  articles,  providing  interesting  content,  as  well  as  a 
model  for  the  design  of  student  investigations.  Research 
examples  will  be  chosen  based  on  their  relevance  to  the  7 
themes.  For  example,  in  a  paper  by  Ralph  Cicerone  in 
Science^  "Fires,  Atmospheric  Chemistry  and  the  Ozone 
Layer,"  links  are  made  to  theme  number  6,  "Change  in  forest 
cover  affects  the  atmosphere."  This  article  explores  the 
constituents  of  biomass  burning  and  their  transformations  and 
effects  in  the  troposphere  and  stratosphere.  The  main 
component  of  the  discussion  is  how  methyl  bromide  emitted 
from  biomass  burning  may  release  as  much  as  30%  of 
atmospheric  methyl  bromide,  a  chemical  that  may  account  for 
as  much  as  25%  of  stratospheric  ozone  destruction  [9]. 

Another  example  is  the  paper  by  Scott  Robinson  et  aL,  in 
Science,  ’’Regional  Forest  Fragmentation  and  the  Nesting 
Success  of  Migratory  Birds"  which  explores  the  hypothesis 
that  forest  fragmentation  is  a  major  cause  of  the  observed 
decline  in  neotropical  migratory  bird  species.  The  authors 
conclude  that  conservation  strategies  should  include  large 
unfragmented  nesting  areas  [10].  This  paper  links  to  theme 
numbers  1  and  7. 

A  third  example  is  a  paper  by  John  Maurice  in  New 
Scientist,  "Fever  in  the  Urban  Jungle,"  which  discusses  the 
juxtaposition  of  vector  borne  diseases  such  as  malaria  and 
yellow  fever,  forest  settlement  practices,  and  human  health  in 
the  tropics  [11].  This  discussion  relates  to  several  of  the  7 
themes,  particularly  theme  number  3,  since  remote  sensing  is 
increasingly  being  used  by  organizations  such  as  the  World 
Health  Organization  to  better  understand  vector  habitats  and 
human  settlement  patterns. 

SUMMARY 

The  Changing  Forest  CD-ROM  under  development  by  NASA 
Goddard  Space  Flight  Center  and  the  Aspen  Global  Change 


Institute  is  designed  to  provide  an  interactive  set  of  learning 
experiences  for  secondary  school  students.  The  project  aims 
to  engage  students  in  an  exploration  of  forest  change,  a  global 
environmental  change  of  major  concern  to  people  in  both 
industrialized  and  developing  countries.  Students  will  gain 
access  to  satellite  and  other  sources  of  data,  tools  such  as  PC- 
based  image  processing  software,  and  a  database  of  current 
research  articles  on  forest  topics.  Students  can  navigate  the 
CD-ROM  through  5  pathways  of  exploration  and  will 
document  their  work  with  individual  portfolios. 
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Our  Role  in  the  Earth  System:  One  K-12  School  District’s  Science  Education  Initiative 

P.D.  Lindgren:  Norfolk  Public  Schools  &  AMS  Project  Atmosphere 

510  Pasewalk  Avenue,  Norfolk,  Nebraska,  U.S.A.  68701 
Phone:  (402)644-2584,  Fax:  (402)  644-2519 
Email:  Iindgren@pluggers.esu8.kl2.ne.us 


1.  Background 

The  community  of  Norfolk  is  located  in  the  heart  of 
the  Elkhorn  Valley  in  northeast  Nebraska  with  the  Sand  Hills 
lying  to  the  west  and  farmland  to  the  east.  The  surrounding 
land  is  gently  rolling.  A  city  of  23,000,  Norfolk  is  an  eco¬ 
nomic  growth  center  for  an  area  encompassing  six  counties. 
Norfolk  is  one  of  the  few  mid-size  cities  in  Nebraska  off  the 
Omaha/Lincoln  interstate  corridor  which  has  continued  to 
sustain  population  growth  over  the  last  decade.  Its  public 
school  district  includes  nine  elementary  schools,  a  middle 
school,  a  junior  high,  and  a  senior  high.  The  district  serves 
over  4,400  students. 

2.  District  Mission  and  Responsibilities 

An  enormous  responsibility  has  been  given  to  the 
Norfolk  Public  Schools.  As  a  part  of  Nebraska’s  public 
school  system,  Norfolk’s  schools  are  required  by  law  to: 

•  Offer  each  individual  the  opportunity  to  develop 
competence  in  the  basic  skills  of  communications,  computa¬ 
tion,  and  knowledge  of  basic  facts  concerning  the  environ¬ 
ment,  history  and  society: 

•  Offer  each  individual  the  opportunity  to  develop 
higher  order  thinking  and  problem  solving  skills  by  means  of 
adequate  preparation  in  mathematics,  science,  the  social  sci¬ 
ences,  and  foreign  languages  and  through  appropriate  and 
progressive  use  of  technology  [1]. 

This  responsibility  is  also  seen  as  an  opportunity  by 
the  public  school  teachers  of  Norfolk,  whose  mission  is  “to 
equip  all  students  to  succeed  in  a  complex  changing  world.” 
The  project  Our  Role  in  the  Earth  System  is  a  concerted 
effort  to  better  fulfill  our  responsibilities  and  mission.  Our 
project  is  especially  focused  upon  communication,  higher 
order  thinking  skills,  problem  solving,  the  environment, 
science,  and  technology. 

3.  Project  Goals 

Through  this  project  we  endeavor  to  develop  in 
young  people  an  awareness  of  their  actions’  significance 
within  the  earth  system.  In  addition,  we  intend  to  develop 
students’  ability  to  investigate  global  issues  from  a  systemic 
point  of  view:  identifying  key  component  parts,  identifying 


significant  interactions  between  those  components,  gathering 
diverse  types  of  information  from  various  sources,  exchang¬ 
ing  information  and  collaborating  intelligently  about  its  sig¬ 
nificance  with  a  variety  of  people,  synthesizing  that  informa¬ 
tion  into  a  defensible  conclusion,  and  effectively 
communicating  their  conclusion  and  evidence  to  a  broad 
audience. 

4.  Infrastructure  and  Funding 

The  implementation  of  this  science-technology 
project  is  entirely  dependent  upon  an  infusion  of  computer 
and  network  technologies.  When  the  infrastructure  installa¬ 
tion  is  complete  each  of  our  district’s  schools  will  have  frame- 
relay  network  connections  through  either  T1  or  56kb  leased 
telephone  lines.  These  frame-relay  connections  then  tie  into 
an  education  network  that  spans  the  state  and  that  ultimately 
leads  to  the  global  Internet.  Each  region  in  the  state  has  an 
Educational  Service  Unit  that  serves  as  a  site  for  training, 
Internet  traffic  routing,  and  electronic  mail  services. 

In  addition  to  the  network  and  Internet  equipment, 
each  district  school  has  also  received  computers,  scanners, 
printers,  digital  cameras,  and  various  software  packages. 
Our  senior  high  also  purchased  a  series  of  computer  inter¬ 
faced  probes  for  quantitative  investigations.  One  computer 
in  each  school  building  will  be  set  up  as  a  World  Wide  Web 
server  to  provide  easy  access  to  teacher  and  student  created 
materials  (HTML  web  pages).  A  multi-platform  training  lab 
was  also  created  to  conduct  the  technology  training  for  the 
project. 

Initial  and  on-going  funding  for  our  project  is  pro¬ 
vided  as  a  joint  effort  between  the  Norfolk  Public  School 
district  and  the  Nebraska  Excellence  in  Education 
Commission.  The  NEEC  accepts  competitive  proposals  from 
Nebraska  school  districts  for  innovative  educational  projects. 

The  NEEC  selects  a  small  number  of  proposals  for  funding 
with  the  expectation  that  the  school  district  will  contribute 
materials  and  finances  to  the  project  as  well. 

5.  Implementation  Process 

All  district  science  teachers  in  grades  4  through  12 
have  received  initial  training  in  team  dynamics,  problem¬ 
solving,  electronic  mail.  World  Wide  Web  information 
access,  multimedia  authoring,  system  dynamics  modeling. 
World  Wide  Web  page  writing.  World  Wide  Web  server 
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setup,  and  World  Wide  Web  server  management. 

These  52  teachers  were  then  divided  into  3  teams. 
Each  team  has  at  least  2  high  school  level  teachers,  one 
teacher  from  each  level  grades  7-9,  and  elementary  teachers 
from  either  the  4th,  5th,  or  6th  grade.  These  diverse  teams 
were  created  as  a  support  community.  The  secondary  level 
teachers  are  expected  to  serve  as  resources  for  the  elementary 
teachers  who  have  not  had  as  much  formal  training  in 
science. 

After  being  divided  into  the  3  teams,  selected  teach¬ 
ers  brainstormed  global  issues  as  potential  topics  for  student 
investigation.  From  this  extensive  list  each  team  prioritized 
and  selected  the  topics  they  wished  to  have  their  students 
research.  The  teams  decided  upon  the  following  complemen¬ 
tary  topics:  World  Water  Supply,  World  Food  Supply,  and 
Waste  Management  Practices.  Each  team  is  now  construct¬ 
ing  curriculum  activities  that  focus  upon  investigating  the 
issues  and  problems  related  to  their  selected  topic. 
Activities  being  designed  are  intended  to  promote  interaction 
within  each  team  between  students  of  the  different  age  levels 
and  subject  areas.  The  activities  will  be  designed  to  integrate 
science  concepts  already  present  in  classroom  curriculum 
into  a  comprehensive  examination  of  a  single  problem. 
Teachers  will  receive  release  time  for  this  curriculum  devel¬ 
opment  and  stipends  for  summer  curriculum  work. 

To  facilitate  the  successful  integration  of  technology 
into  student  work,  a  peer-mentor  training  program  has  been 
initiated.  Students  have  submitted  applications  for  these  posi¬ 
tions.  Selected  students  will  receive  pre-training  (summer 
1996)  on  the  various  technologies  essential  to  the  project. 
These  students  will  then  act  as  peer  resources  for  class  activi¬ 
ties  when  student  project  work  begins  in  the  fall  of  1996. 

When  the  students  of  each  multi-age  team  are  pre¬ 
sented  with  their  respective  problems,  they  will  be  guided 
through  an  investigative  and  problem-solving  process.  Each 
grade  level  of  student  will  examine  and  investigate  the 
problem  from  a  perspective  most  suited  to  the  class  they  are 
taking.  For  example:  eighth  grade  students  (who  spend  a 
large  part  of  the  year  examining  the  atmosphere  of  earth) 
might  examine  the  world  food  supply  issue  from  a  meteoro¬ 
logical  point  of  view.  That  is,  how  do  weather  and  climate 
play  a  role  in  the  quantity  and  distribution  of  food  world¬ 
wide?  Using  remote  sensing  imagery  and  data  obtained 
through  the  Internet  and  experimental  observations,  students 
will  investigate  and  become  experts  within  their  own  unique 
perspective.  Students  will  provide  their  specific  expertise 
on  the  issue  to  other  team  members  through  electronic  mail 
and  by  posting  materials  to  their  World  Wide  Web  server. 

Final  products  of  student  research,  experimentation, 
and  collaboration  will  include  interactive  multimedia  presen¬ 
tations  created  with  multi-media  authoring  software.  Refined 
World  Wide  Web  based  micropedias  will  summarize  and 
highlight  the  results  of  the  student  work.  These  micropedias 


will  show  the  connections  between  the  various  components 
of  the  earth  system  that  are  significant  to  the  global  issue  of 
concern.  Electronic  mail  addresses  will  be  posted  on  each 
web  page  to  facilitate  interactive  reviews  of  student  work. 
Interactive  computer  models  of  systems  will  also  be  created 
to  simulate  various  parts  and  processes  within  the  earth 
system. 

6.  Invitation  to  Collaborate 

Our  project  is  nearing  the  end  of  the  infrastructure 
installation  and  teacher  training  phases.  In  the  fall  of  1996 
student  teams  will  begin  to  examine  the  chosen  topics  and 
begin  the  collaborative  research  process.  An  invitation  to 
collaborate  with  our  students  is  extended  to  any  interested 
scientist.  Contacts  via  electronic  mail  are  preferred 
(Iindgren@pluggers.esu8.kl2.ne.us).  Updates  on  our  pro¬ 
ject’s  progress  can  be  accessed  through  our  district’s  web 
server  at:  http://jrhigh.nps.esu8.kl2.ne.us. 

7.  Conclusion 

In  the  early  60’ s  the  first  satellite  images  of  earth 
were  sent  to  earth.  This  marked  the  beginning  of  a  revolu¬ 
tion  in  the  way  we  perceive  our  planet.  Even  those  crude, 
early  pictures  began  to  help  us  see  the  earth  as  a  single  entity- 
-a  complex  system  whose  seemingly  infinite  number  of  parts 
and  sub-systems  are  inexorably  entwined  and  inter¬ 
dependent. 

On  the  eve  of  the  21st  century,  the  global  scientific 
community  is  positioning  itself  to  further  refine  its  under¬ 
standing  of  the  earth  system.  NASA’s  Mission  to  Planet 
Earth  will  be  carried  out  by  the  spacecraft  of  the  Earth 
Observing  System.  This  armada  of  earth- orbiting  satellites 
will  use  high-resolution  sensors  to  monitor  ozone  concentra¬ 
tion,  cloud  cover,  pollutants,  solar  radiation  budget,  and  other 
critical  environmental  attributes. 

Of  the  thousands  of  young  people  that  will  graduate 
from  Nebraska’s  schools  before  the  next  millennium,  each 
individual’s  future  actions  has  the  potential  to  dramatically 
impact  the  overall  conditions  for  life  on  this  small  planet. 
This  impact  might  be  made  as  a  scientist,  an  industrialist,  a 
poet,  a  novelist,  a  government  official,  or  a  consumer. 

Will  these  individuals  contribute  to  the  demise  of  a 
significant  component  in  our  atmosphere?  Will  these  indi¬ 
viduals  discover  a  method  of  preventing  some  form  of  dan¬ 
gerous  climate  change?  Will  these  individuals  become  the 
government  officials  whose  policy  leadership  decides  the  fate 
of  some  endangered  species?  Will  these  individuals  write  the 
best-selling  novels  or  Pulitzer  Prize-winning  poems  that 
begin  to  sensitize  a  generation  to  an  attitude  of  concern  for 
their  planet?  Will  these  individuals  write  the  anthems  that 
inspire  others  to  wonder  at  the  complexity  and  interdepen- 
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dence  of  life  on  planet  earth?  Will  each  of  these  individuals  8.  References 
have  the  knowledge,  skills,  attitudes,  and  aspirations  that  are 

needed  for  them  to  fulfill  these  roles?  As  we  endeavor  to  [1]  Revised  Statutes  of  the  State  of  Nebraska:  Section  79-4, 
implement  Our  Role  in  the  Earth  System  we  hope  to  make  140.01 

substantial  progress  toward  these  goals  in  the  lives  of 
Norfolk  Public  Schools  students. 
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Earth  System  Science  Education:  A  Continuing  Collaboration 

Donald  R.  Johnson,  Martin  Ruzek,  Michael  Kalb 
Universities  Space  Research  Association 
7501  Forbes  Blvd.,  Suite  206,  Seabrook,  MD  20701-2253 
301-805-8396  FAX  301-805-8466 
donj@ssec.wisc.edu,  ruzek@usra.edu ,  mkalb@gvsp.usra.edu 


Abstract  -  Since  1991  the  Universities  Space  Research 
Association  (USRA)  has  led  the  Cooperative  University-based 
Earth  System  Science  Education  Program  (ESSE)  under 
NASA  sponsorship  to  develop  courses  and  curricula  in  Earth 
System  Science  at  the  undergraduate  level.  At  that  time 
twenty-two  universities  were  selected  to  participate  in  the 
Program  with  an  aim  to  advance  interdisciplinary  views  of  the 
Earth  as  a  system  in  the  classroom.  The  courses  offered  at 
the  survey  and  senior  levels  provide  a  scientifically  based 
appreciation  of  topical  issues  in  global  change,  and  engage 
advaiK^ed  students  and  faculty  from  different  disciplines  in 
addressing  Earth  Science  and  Global  Change  issues.  Over 
4000  students  were  enrolled  and  over  100  faculty  and  staff 
were  involved  in  teaching  survey  and  senior  level  courses 
during  the  1993/94  academic  year. 

As  the  Program  evolved,  the  need  became  apparent  for  a 
shared  repository  of  educational  resources  for  Earth  System 
Science  which  would  be  beneficial  to  all  participants,  as  well 
as  to  the  broader  Global  Change  science  community.  In  1994 
the  program  established  a  server  on  the  Internet  with  a  World 
Wide  Web  Home  Page  (http://www.usra.edu/esse)  designed  to 
foster  the  collaborative  development  of  educational  materials 
and  to  assist  the  organization  of  relevant  source  material 
already  available  on  the  Web.  The  content  and  organization 
of  the  server  is  being  updated  continuously  with  input  from 
the  participants.  In  addition,  a  moderated  listserver  has  been 
established  to  encourage  communication  among  faculty 
participants,  students  and  NASA  researchers.  Response  from 
a  survey  of  the  original  participants  indicates  that  the  program 
has  been  successful  in  developing  Earth  System  Science 
Education  and  a  forum  for  the  discussion  of  courses,  curricula 
and  learning  modules. 

In  August  of  1995  an  additional  twenty-two  colleges  and 
universities  were  selected  to  continue  the  Program  through 
the  end  of  the  decade,  building  upon  the  success  and 
experi^ces  of  the  original  program  participants.  In  addition 
to  the  continued  maintenance  of  the  server  content,  the 
program  is  exploring  ways  to  further  increase  its  impact  upon 
undergraduate  Earth  Systems  Science  Education.  A  prototype 
Journal  of  Earth  System  Science  Education  is  being 
established  with  the  goal  of  providing  peer  review, 
publication  and  recognition  for  the  authors  of  quality  learning 
modules.  The  ESSE  Program  is  also  preparing  to  team  with 
other  Earth  Science  Education  initiatives  such  as  Project 
ALERT  (Augmented  Learning  Environment  for  Renewable 
Teaching),  and  possibly  the  education  component  of  the  Inter- 
American  Institute  (lAI)  for  Global  Change  Research. 


BACKGROUND  AND  CURRENT  STATUS 

Since  the  late  1980s,  Earth  System  Science  has  c^tured 
the  attention  and  respect  of  the  scientific  community  as  an 
overarching  concept  under  which  disciplinary  researchers  work 
together  to  attack  the  increasingly  complex  interdisciplinary 
problems  which  are  facing  society  [1].  Popular  literature  and 
the  press  have  also  embraced  the  concept  of  the  Earth  as  a 
system,  bringing  the  concepts  and  problems  of  ozone 
depletion,  global  warming  and  population  increase  to  younger 
and  more  attentive  audiences  [2]. 

Since  1991,  the  Earth  System  Science  Education  Program 
(ESSE),  funded  by  NASA’s  Office  of  Mission  to  Planet 
Earth,  has  supported  the  development  of  undergraduate  courses 
focused  on  aspects  of  Earth  System  Science.  In  addition,  the 
Program  has  encouraged  collaboration  and  communication 
between  NASA  researchers  and  educators  through  its  exchange 
program.  Twenty-two  institutions  were  originally  chosen  to 
participate  in  the  ESSE  Program,  and  their  overall  success  led 
to  the  selection  in  1995  of  an  additional  twenty-two  schools 
to  carry  the  program  through  the  year  2000.  Proposals  from 
smaller  colleges  and  universities  were  especially  encouraged 
in  an  effort  to  broaden  the  base  of  ESSE  schools,  resulting  in 
a  richer  mixture  of  academic  programs  including  aspects  of 
the  human  dimensions  of  global  change  (Table  1).  The 
ESSE  background  and  program  concept  are  further  described 
in  Johnson  et  al,  1995  [3].  This  paper  will  focus  on  progress 
and  plans  for  the  Program  since  selection  of  the  new  ESSE 
participants. 

THE  ESSE  WEB  SERVER 

A  continuing  emphasis  of  the  Program  is  the  development 
of  a  World  Wide  Web  server  capability  to  foster 
communications  and  collaboration  among  the  ESSE 
participants  and  others  interested  in  the  Program.  The  WWW 
server  (http://www.usra.edu/esse)  is  a  repository  for 
information  concerning  courses,  curricula  material,  d^  and 
electronic  modules  relating  to  Earth  System  Science  and 
Global  Change  education.  The  site  is  under  continuous 
development,  and  several  new  features  have  been  added  to 
improve  its  usability: 

•  Each  participating  institution  is  referenced  by  image  map  to 
a  home  page  listing  the  principal  participant,  collaborators, 
courses  offered  and  links  to  the  participants  own  WWW  sites. 
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•  A  feature  called  “ESSE  Notes”  has  been  established, 
distributing  news,  relevant  WWW  sites,  reviews  and  other 
items  of  interest  every  few  days. 

•  A  listserver  for  the  ESSE  participants  and  others  interested 
in  the  program  has  been  established,  with  nearly  150 
participants.  Discussion  topics  include  book  announcements, 
comments  on  textbooks  and  student  intern  opportunities. 
Instructions  for  participation  are  included  on  the  ESSE  Home 
Page. 

•  Documented  electronic  learning  modules,  developed  by 
ESSE  participants  and  others,  are  being  collected. 

•  A  list  of  over  650  WWW  resources  of  relevance  to  Earth 
System  Science  educators  continues  to  be  maintained. 

•  An  archive  of  ESSE  Program  documents  (briefing  charts, 
articles  etc.)  and  information  as  well  as  a  calendar  of  ESSE 
related  events  has  been  established. 


Overall  response  to  the  server  has  been  positive,  and 
suggestions  for  improvement  are  always  welcomed.  Plans  for 
the  coming  year  include  implementing  an  improved  search 
engine,  design  of  a  more  elegant  and  easily  navigable 
graphical  user  interface  and  the  continued  collection  of 
documented  learning  modules  and  Earth  System  Science 
course  syllabi. 

Table  1 

ESSE  Participating  Universities  (1995  -  2000) 


University 


Principal  Participant 


Bryn  Mawr  College 
CaJ  State  Univ  -  Monterey  Bay 
Carleton  College 
Clark  Atlanta  University 

Coastal  Carolina  University 
Cornell  University 
Rorida  Institute  of  Technology 
Georgia  Institute  of  Technology 
Michigan  State  University 
North  Carolina  State  University 
San  Diego  State  University  and 
Cal  State  Univ  -  Long  Beach 
South  Dakota  School  of  Mines 
Union  College 
University  of  Colorado 
Univ.  of  Ill.  at  Urbana  Champaign 
Univ.  of  Maryland  at  College  Park 
University  of  Massachusettes 
University  of  Michigan 
Univ.  of  N.  Carolina  at  Chapel  Hill 

University  of  Oklahoma 
West  Chester  University 
Westminster  College  of  Salt  Lake  City 


Mark  Johnsson 
Susan  Alexander 
Will  Hollingsworth 
Denise  Stephenson- 
Hawk 

Craig  Gilman 
Bryan  Isacks 
George  A.  Maul 
Dana  Hartley 
Stuart  Gage 
Robert  Bereman 
Eric  Frost 
Elizabeth  Ambos 
Ronald  Welch 
Sharon  Locke 
James  White 
Walter  Robinson 
Owen  Thompson 
William  McCoy 
Timothy  Killeen 
Douglas  Crawford- 
Brown 
John  Snow 
Richard  Busch 
Robert  Ford 


PARTNERS  AND  PLANS 

ESSE  continues  to  foster  partnerships  and  collaborations 
with  individuals  and  organizations  engaged  in  Earth  System 
Science  education. 

Project  ALERT 

Representatives  from  the  California  State  University 
system  have  established  a  partnership  with  the  technological 
expertise  in  imaging  and  information  systems  at  NASA’s  Jet 
Propulsion  Laboratory  and  others  to  help  impact  science 
literacy  and  education  in  the  geosciences  and  space  sciences. 
Called  Project  ALERT  (Augmented  Learning  Environment 
for  Renewable  Teaching),  the  focus  of  the  effort  is  twofold: 
(1)  university  students  who  will  be  the  future  teachers  in  K- 
12  education,  and,  (2)  teachers  already  in  the  classroom.  The 
California  State  Universities  represent  one  of  the  largest 
educational  systems  in  the  nation,  and  train  the  majority  of 
teachers  in  California.  By  focusing  on  the  science  and  science 
methods  classes  that  are  the  primary  science  education  for 
teachers,  ALERT  aims  to  better  prepare  future  science 
teachers  with  knowledge,  techniques,  and  resources  to  vitalize 
Earth  and  space  science  education.  A  powerful  aspect  of  this 
project  is  that  the  subject  matter  includes  cutting-edge,  active 
science  for  interactive  learning  and  discovery.  Data  from  ^ace 
missions,  observation  of  the  Earth,  and  active  science 
programs  augment  the  classroom  learning  environment  and 
show  why  science  is  important  to  society  as  a  whole.  By 
using  such  information  to  enhance  the  teachers'  ability  to 
teach  and  to  promote  problem  solving  and  critical  thinking 
skills,  ALERT  will  distinctly  impact  science  literacy  [4]. 
The  principal  architects  of  Project  ALERT  are  represented  in 
the  ESSE  team,  and  efforts  to  coordinate  and  share  resources 
have  been  initiated. 

The  Inter- American  Institute  for  Global  Change  (lAI) 

An  outcome  of  the  1992  United  Nations  Conference  on 
Environment  and  Development  (UNCED)  in  Rio  de  Janeiro 
was  an  agreement  establishing  the  Inter  American  Institute  for 
Global  Change  Research  signed  by  sixteen  countries  of  the 
Americas.  The  lAI  will  focus  its  efforts  on  increasing  our 
understanding  of  global  change  related  phenomena  and  the 
societal  implications  of  such  phenomena  while  augmenting 
the  overall  scientific  capacity  of  the  region  [5].  One  of  the 
lAI’s  goals  is  the  establishment  of  training  and  education 
programs  coordinated  with  an  lAI  science  agenda  that  is 
consistent  with  other  international  global  change  research 
programs.  The  ESSE  Program  has  proposed  to  organize  a 
university-based  collaborative  effort  to  develop  Earth  System 
Science  and  Global  Change  educational  resources  in  the 
context  of  the  lAI  science  agenda.  The  ESSE  Program  would 
be  used  as  a  model  for  the  development  of  similar 
collaborative  efforts  within  the  lAI  member  countries; 
however,  tailored  to  the  specific  technical  capabilities  and 
scientific  interests  of  the  participants.  In  addition,  the 
existing  scientific,  technical  and  support  resources  of  the 


1176 


ESSE  program  would  be  available  to  share  with  the  ESSE- 
lAI  team  to  facilitate  an  immediate,  effective  initiation  of  the 
proposed  program.  A  planning  meeting  to  better  define  the 
project  goals  and  implementation  will  be  (xganized  in  mid- 
1996  pending  selection  of  the  project  by  the  lAI. 

The  Journal  of  Earth  System  Science  Education  (JESSE) 

ESSE  participants  have  recognized  the  need  for  a  reputable 
review  process  for  classroom  educational  resources  dealing 
with  Earth  System  and  Global  Change  science.  Such  a  peer 
review  mechanism  will  enable  standards  of  content  and 
presentation  quality  to  be  set,  and  should  encourage  the 
development  of  these  materials  by  offering  the  authors  a 
means  of  peer  reviewed  publication  that  may  be  beneficial 
during  university  consideration  of  achievements.  A  working 
group  has  been  set  up  to  discuss  the  appropriate  editorial  and 
review  procedures,  content  and  format  for  an  electronic 
Journal  of  Earth  System  Science  Education.  The  mission  of 
the  Journal  is  to  set  high  standards  of  quality,  encourage  the 
development  of  pedagogical  tools  and  techniques,  and 
facilitate  the  exchange  and  wide  access  to  educational 
materials  and  information  associated  with  Earth  System 
Science  Education.  The  electronic  publication  process  and 
progress  of  other  e-joumals  (such  as  the  American 
Geophysical  Union’s  “Earth  Interactions”)  are  being  reviewed. 
It  is  anticipated  that  the  resulting  recommended  p*ocedures 
will  be  in  place  to  allow  general  solicitation  of  materials  for 
publication  in  early  1997. 

A  Virtual  Earth  System  Science  Laboratory  (VESSL) 

Shared  experiences  and  communication  of  ideas  are  essential 
for  understanding  of  the  multi-  and  interdisciplinary  problems 
being  addressed.  This  is  especially  important  for  both  multi- 
and  interdisciplinary  education  and  research  in  Earth  System 
Science  and  Global  Change.  ESSE  hopes  to  develop  a 
prototype  of  a  Virtual  Earth  System  Science  Laboratory 
(VESSL)  to  enable  communication  and  collaboration  among 
traditionally  distant  users  through  utilizing  Internet  tools 
which  allow  students  and  teachers  to  interact,  perform 
classroom  exercises  and  explore  Earth  System  Science  data 
and  phenomena.  Tools  such  as  VRML,  RC  and  CU-SeeMe 
will  be  explored,  first  to  deliver  a  short  series  of  question  and 
answer  lectures  to  a  distributed  interdisciplinary  audience.  If 
such  an  exercise  proves  fruitful,  the  technology  will  be 
extended  to  deliver  a  series  of  Earth  system  laboratory 
exercises  conducted  by  lab  partners  from  different  institutions. 
The  ESSE  participants  have  expressed  a  willingness  to 
participate  in  such  an  exercise  to  enrich  the  interdisciplinary 
content  of  their  courses.  Initial  testing  of  the  concept  is 
hoped  to  begin  in  Fall  of  1996. 

Summer  Workshop 

The  first  meeting  to  include  the  new  group  of  ESSE 
universities  was  hosted  at  the  University  of  California  -  Santa 
Barbara  in  November,  1995.  This  organizational  meeting 


included  a  workshop  introducing  the  concepts  of  remote 
sensing  science  and  geographic  information  systems.  The 
aim  of  the  workshop  was  to  familiarize  program  participants 
(including  their  teaching  assistants)  with  these  concepts  so 
that  they  could  be  better  integrated  into  the  classroom. 
Discussions  during  and  following  the  meeting  led  to  the 
suggestion  that  the  next  meeting  be  devoted  to  definition  and 
development  of  a  series  of  Earth  system  teaching  modules  by 
a  group  of  teams  during  a  week-long  hands-on  session. 
Accordingly,  plans  are  being  drafted  for  a  workshop  to  be  held 
in  the  Summer  of  1996.  Workshop  participants  will  divide 
beforehand  into  groups  focused  on  an  interdisciplinary  topic 
dealing  with  some  aspect  of  the  Earth  system  (e.g.  water  as  a 
resource,  the  industrial  metabolism  of  energy  and  resources, 
the  agricultural  cycle  of  nutrients  and  carbon,  etc.)  Each 
group  will  be  tasked  to  define  and  develop  over  the  coming 
summer  a  supplemental  teaching  module  explaining  their 
topic,  using  Internet  technologies,  STELLA  models  or  other 
multimedia  presentation  tools.  These  documented  learning 
modules  will  then  be  shared  via  the  ESSE  server.  Summary 
lectures  on  such  topics  as  systems  theory,  pedagogy  and 
active  learning  techniques,  and  human  dimension  aspects  of 
global  change  will  be  delivered  throughout  the  week. 

SUMMARY 

The  ESSE  Program  has  progressed  over  the  past  five  years, 
encouraging  the  study  of  the  Earth  as  a  system  and  fostering  a 
collaborative  learning  environment.  Network  technology 
developments  are  now  enabling  an  extension  of  the  original 
program  goals  by  offering  innovative  and  effective  ways  to 
deliv^  course  materials  and  a  means  to  develop  truly 
interdisciplinary  approaches  for  Earth  System  Science  and 
Global  Change  education  problems.  Collaboration  with  other 
educators  and  programs  will  continue  to  be  an  important  part 
of  ESSE,  as  well  as  the  testing  and  adoption  of  new  tools  and 
methods  for  effectively  delivering  Earth  System  Science  and 
Global  Change  concepts  to  the  classroom. 
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Abstract:  Since  1989,  120  promising  high 
school  science  students  from  throughout  the  U.S. 
have  engaged  in  an  intensive  six-week  residential 
summer  program  of  research  in  geology, 
archaeology,  or  ecology  as  participants  in  the 
OMSI-NSF  Young  Scholars  Research 
Participation  Program,  conducted  by  the  Oregon 
Museum  of  Science  and  Industry  with  funding 
from  the  National  Science  Foundation  (Grant 
#ESI-9452688)  .  Based  upon  a  demonstrated 
interest  in  science,  an  essay,  recommendations 
from  teachers  and  others.  Young  Scholars  are 
selected  from  a  pool  of  applicants  nationwide. 
OMSI  Young  Scholars  conduct  research  as 
members  of  a  research  team  and  as  individuals 
and  write  a  research  paper,  under  the  guidance  of  a 
research  leader,  an  instructor,  and  logistic 
specialist, 

THE  NEED 

Blue-ribbon  panels  of  scientists  and  science 
educators  have  called  for  changes  in  the  way  that 
science  is  taught  to  pre-college  students  (1,2). 
Scientific  inquiry,  research  and  hands-on  projects, 
integration  of  technology  and  math  in  science, 
and  exposure  to  science  careers  are  among  the 
recommendations.  They  also  stress  the 
importance  of  recruiting  and  involving  women 
and  minority  students,  typically  underrepresented 
in  the  sciences.  The  National  Research 
Council's  “National  Science  Education  Standards” 
calls  for  the  creation  of  "learning  communities" 
that  "reflect  intellectual  rigor  of  scientific  inquiry 
and  the  attitudes  and  values  conducive  to  science 
learning,"  (3)  They  call  for  learning 
environments  that  provide  students  with  time, 
space  and  resources,  technology  and  human 
support  for  extended  student  investigations.  The 
OMSI  Young  Scholars  Research  Particpation 
Program  is  an  attempt  to  create  such  a 
community  and  environment. 

THE  PROGRAM 

The  OMSI-NSF  Young  Scholars  Research 
Participation  Program  is  a  six-week,  total 
immersion  in  scientific  research,  career 
exploration  and  teamwork.  Promising  high 
school  science  students  engage  in  field  work  and 
data  analysis  as  a  members  of  research  teams 


under  the  supervision  of  researchers  from 
universities,  government  agencies  and/or  private 
industry  and  science  educators  from  OMSI. 

Since  1988,  research  teams  have  included 
Geology/Paleontology,  Freshwater  Ecology, 
High  Desert  Ecology,  and  Archeology.  Each 
team  consists  of  ten  Young  Scholars  from 
throughout  the  U.S.,  one  Lead  Researcher  from  a 
university  or  government  agency,  one  Instructor, 
typically  an  OMSI  science  educator  or  high 
school  teacher,  a  Logistics  Specialist,  typically  a 
camping/ouldoor  skills  instructor  from  an  OMSI 
science  camp  and  one  or  two  outstanding  past 
Young  Scholars  who  work  as  research  assistants 
and  role  models  for  the  new  cadre  of  Young 
Scholars.  Cooperating  agencies  and  universities 
include  the  National  Science  Foundation,  USDA 
Forest  Service,  Bureau  of  Land  Management, 
National  Park  Service,  University  of  Oregon, 
Oregon  State  University,  Portland  State 
University,  and  Oregon  Graduate  Institute  For 
Science  and  Technology. 

The  Geology/Paleontology  Research  Team,  in 
one  form  or  another,  has  existed  continuously  for 
approximately  45  years.  Since  becoming  an 
NSF  Young  Scholars  program,  research  projects 
have  included  work  on  paleobotany,  the  Triassic- 
Jurassic  extinction  event,  and  paleosols  and 
climate  change.  The  Aquatic  Ecology  Research 
Team  conducts  studies  of  watersheds,  habitat 
management  and  anadromous  fish.  The  High 
Desert  Ecology  Research  Team  studies  soils, 
plant  ecology  and  grazing  practices  in  the  high 
desert  of  Central  Oregon.  The  Archeology 
Research  Team  records  and  interprets  American 
Indian  petroglyphs  and  pictographs  in  Central  and 
Eastern  Oregon. 

Researchers  have  been  recruited  for  the  program, 
based  upon  the  accessibility  of  their  research  to 
students  and  ability  to  communicate  well  with 
youth.  Researchers  engage  in  the  research  that 
they  would  otherwise  be  doing  and  are  assisted  by 
a  Young  Scholars  team.  Additional  scientists 
and  guest  speakers  visit  the  teams  for  two  to  five 
days  to  share  their  particular  expertise  and  to 
expose  Young  Scholars  to  a  greater  variety  of 
people  and  career  possibiliites. 
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Research  teams  are  in-residence  at  OMSTs 
Hancock  Field  Station,  at  Forest  Service 
installations  or  at  field  locations  throughout 
Oregon,  whatever  is  most  appropriate  for  the 
summer’s  research  agenda.  The  six  weeks  each 
summer  is  much  closer  to  mounting  three 
research  expeditions  than  conducting  three  science 
classes. 

In  addition  to  assisting  research  leaders  with  their 
on-going  work.  Young  Scholars  are  each  required 
to  complete  a  research  project  of  their  own  and 
present  it  at  a  seminar  held  on  the  last  day  of  the 
program.  In  most  cases.  Young  Scholars  choose 
research  topics  that  are  subsets  of  the  overall 
research  goal  of  the  team.  Of  the  120  Young 
Scholars  chosen  for  the  program,  117 
successfully  completed  research  papers  and 
presented  their  work  at  a  seminar. 

In  addition  to  learning  about  the  particular 
science  subject  matter  of  their  research  effort, 
Young  Scholars  also  discuss  and  debate  the  ethics 
of  science  and  learn  methods  of  scientific 
research.  They  interact  with  scientists,  science 
educators,  and  graduate  students  at  many  stages  of 
their  education  and  professional  development.  In 
this  way,  they  learn  about  and  experience  first¬ 
hand  the  life  of  a  scientist  during  the  busy 
summer  field  research  season.  They  also  learn 
about  the  training  and  coursework  and  college 
preparation  that  is  necessary  in  order  to  pursue 
science  as  a  career  and  have  the  experience  of 
defining  a  project,  collecting  and  organizing  data, 
interpreting  it  and  actually  writing  a  research 
paper  and  presenting  it  at  a  seminar  attended  by 
parents,  teachers,  team  mates  and  members  of  the 
scientific  community. 

INTEGRATING  TECHNOLOGY 

As  a  science  and  technology  museum,  OMSI 
strives  to  integrate  both  science  and  technology 
in  its  educational  programs.  The  Young 
Scholars  Program  is  no  exception  and  has 
undergone  a  remarkable  evolution  in  this  regard. 

In  response  to  our  first  NSF  review  in  1990  that 
called  for  increased  communication  between 
research  teams  that  were  separated  by  as  much  as 
200  miles  from  one  another  following  an  initial 
three  day  orientation,  OMSI  installed  a 
telecommunications  network  using  First  Class 
software.  The  network  was  soon  followed  by 
Internet  accounts  and  Apple  Quick  take  cameras 
for  recording  and  communicating  data  and 
research  activities.  This  relatively  simple  system 
operating  from  a  Macintosh  computer 


revoutionized  communication  and  information 
retrieval  for  Young  Scholars  resulting  in 
profound  change  in  the  program.  It  added  a 
whole  new  dimension  to  summer  research  since 
telecommunications  was  for  some  the  medium 
and  others  the  message  of  their  research. 

On  a  daily  basis,  Young  Scholars  down-loaded 
images  of  their  work  and  shared  them  with 
members  of  other  teams  hundreds  of  miles  away 
along  with  personal  correspondence  that  allowed 
each  team  to  appreciate  and  benefit  from  the 
other’s  experiences.  Images  of  fossils, 
petroglyphs  and  aquatic  insects  were  transmitted 
daily  over  the  system  along  with  news  of  the 
day.  Since  1995,  a  past  Young  Scholar  has 
compiled  news  from  the  field  and  created  a  World 
Wide  Web  Page  so  that  parents,  friends,  teachers 
and  anyone  who  cares  to  can  follow  the  progress 
of  the  teams  over  the  course  of  the  summer. 

The  next  breakthrough  came  when  it  was 
discovered  that  many  university  libraries  could  be 
accessed  via  telecommunications  and  that 
literature  sccirches  could  begin  from  the  field  and 
researchers  who  could  not  find  the  time  to  visit 
with  teams  in  the  field  were  quite  willing  to 
correspond  with  Young  Scholars  and  consult  in 
research  activities.  The  Archeology  Research 
Team  accessed  an  international  rock  art  list- 
server. 

Other  technology  has  also  added  tremendous 
value  to  the  work  of  the  OMSI  Young  Scholars 
teams  and  to  the  education  of  their  members. 
Since  1992,  teams  working  with  the  US  Forest 
Service  have  had  use  of  a  global  position  system 
(GPS)  for  mapping  and  wilderness  orientation 
and  route-finding.  It  is  amusing  now  to  hold  our 
new  GPS  in  the  palm  of  my  hand  and  to  recall 
the  20  pound  backpack  and  parabolic  dish- 
mounted  helmet  that  constituted  the  system  that 
the  Forest  Service  made  available  to  us  in  1992! 
Using  GPS,  teams  are  able  to  accurately  locate 
and  map  sigificant  cultural  sites,  fossiliferous 
outcrops  or  watershed  features. 

Stream-flow  meters,  recording  thermometers, 
solar  path-finders  and  other  technological 
advances  have  allowed  Young  Scholars  to 
experience  a  technological  education  in  the 
context  of  solving  research  questions.  One  of  the 
most  fascinating  examples  of  high  tech 
applications  is  that  of  a  scientific  photographer, 
who  instructs  Archeology  Team  members  in 
photographing  petoglyphs  at  night  using 
controlled  polarized  light,  which  reveals  details  of 
the  rock  art  not  perceptible  to  the  naked  eye. 
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OUTCOMES 

The  OMSI-NSF  Young  Scholars  Researh 
Participation  Program  has  resulted  in  a  number 
of  success  stories  including  scientific  discoveries 
that  have  been  of  great  value  to  research  leaders. 
For  example,  in  1993,  a  Young  Scholar  found 
the  fossil  skull  of  a  Shatasausus,  a  Jurassic 
marine  reptile,  in  the  Wallowa  Mountains  of 
Eastern  Oregon.  This  species  had  previously 
been  found  only  in  China.  A  1994  Young 
Scholar,  discovered  three  species  of  rare  and 
threatened  amphibians  in  a  National  Forest 
stream  that  was  scheduled  to  be  de-watered  as  a 
part  of  a  hydro-electric  diversion.  Professional 
environmental  consultants  had  previously  not 
reported  any  of  these  species.  The  list  of 
discoveries  and  could  go  on  and  on  and  can  be 
found  in  the  publications  of  Lead  Researchers. 

Young  Scholars  have  benefited  personally 
through  admission  to  colleges  of  their  choice, 
scholarships  and,  once  in  college,  to  a  “leg  up  on 
the  competition”  in  research  skills.  Success 
stories  of  Young  Scholars  are  particularly 
poignant  when  the  students  are  from  underserved 
groups  and/or  poverty  backgrounds.  While 
OMSI  cannot  take  full  credit  for  the  success  of 
its  Young  Scholars.  It  is  significant  to  note  that 
every  successful  Young  Scholar  during  their 
senior  year  receives  written  recommendtions  to 
colleges  and  scholarship  committees  and  personal 
counseling  and  guidance  in  college  applications 
and  financial  assistance.  OMSI  is  also 
instrumental  in  finding  summer  positions  for 
past  Young  Scholars  in  labs  and  university  or 
go ven mental  field  research. 

The  program  has  been  especially  successful  in 
recruiting,  mentoring  and  promoting  the  success 
of  low-income  students  and  students  from  under¬ 
served  communities.  Due  to  the  prestigious 
nature  of  the  program  and  the  fact  that  it  is 
totally  free  to  those  that  are  accepted,  very  bright 
students  from  low-income  backgrounds  are 
among  the  applicants.  It  is  in  these  youth  that 
the  strength  of  OMSTs  mentoring  and  efforts  to 
promote  Young  Scholars  network  can  best  be 
seen.  At  this  time,  the  10-15%  of  past  Young 
Scholars  from  low-income  and  poverty 
backgrounds  are  succeeding  and  excelling  at 
prestigious  universities  with  full  scholarships, 
due  in  part  to  OMSI  “matchmaking”  and 
recommendations. 

Feedback  from  universities  indicates  that  OMSI 
Young  Scholars  enter  college  with  a  skill-set  that 


exceeds  their  peers.  They  can  think  and  plan  on 
their  own,  ask  good  research  questions.  They  can 
do  science  and  not  just  say  or  write  the  correct 
answers  to  questions  (4).  When  the  ExonValdez 
Oil  spill  occured  in  Alaska,  a  past  OMSI  Young 
Scholar,  then  a  sophomore  at  Univesiiy  of 
Alaska,  dropped  out  of  school  for  a  semester  and 
successfully  competed  as  a  sub-contract  on  a 
portion  of  the  impact  statement.  His  standing  to 
bid  on  the  contract  was  due  to  his  experience  as  a 
member  of  the  Aquatic  Ecology  Research  Team 
and  his  work  as  a  Research  Assistant  during  the 
following  summer.  College  recruiters  impressed 
with  the  performance  of  past  Young  Scholars  call 
and  visit  OMSI  each  year  in  order  to  actively 
recruit  current  graduates. 

Thanks  to  the  Internet,  it  is  easier  than  ever  to 
communicate  with  past  Young  Scholars  and  keep 
up  with  their  progress.  The  news  is  most 
heartening.  This  winter,  we  learned  of  the  first 
award  of  a  graduate  school  fellowship  to  a  past 
OMSI  Young  Scholar! 
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ABSTRACT 

The  goal  of  the  Alaska  SAR  Facility  (ASF)  Education  Outreach 
is  to  use  ASF  data  (and/or  a  family  of  data  sets),  technology, 
and  resident  expertise  for  education.  Feedback  from  local  teach¬ 
ers  and  the  local  school  district  has  enabled  us  to  develop  our 
first  cirriculum  element  prototype  module  on  glaciers:  “From  a 
Snowflake  to  a  Surge.”  This  element,  which  currently  resides 
on  a  CD-ROM  and  is  still  in  Beta  form,  has  been  targeted  for  4- 
6th  grades  and  reviewed  by  a  panel  of  local  teachers  and  offi¬ 
cials. 


INTRODUCTION 

The  National  Research  Council  recently  published  ih&  National 
Science  Education  Standards  which  “empowers  teachers,  school 
administrators,  parents,  and  community  leaders  to  make  deci¬ 
sions  about  curriculum,  professional  development,  content,  as¬ 
sessment,  science  programs,  and  educational  systems.”^  The 
National  Science  Teachers  Association  (NSTA)  is  a  leader  in 
efforts  to  implement  these  new  science  education  standards  and 
states,  “Each  of  the  guidelines  will  give  teachers  options  for 
adapting  their  instructional  programs  to  move  toward  the  vi¬ 
sion  of  the  Standards.”^  These  efforts,  in  fact,  free  teachers  and 
school  administrators  to  work  more  closely  and  creatively  with 
research-oriented  facilities  like  ours.  Albert  Einstein  said,  “ 
Restricting  the  body  of  knowledge  to  a  small  group  deadens 
the  philosophical  spirit  of  a  people  and  leads  to  spiritual  pov¬ 
erty.”^  The  field  of  science  education  is  in  an  exciting  time  of 
renewal  and  change. 

As  there  is  a  growing  nationwide  effort  to  develop  education 
outreaches  and  to  improve  the  quality  of  science  education  in 
general,  we  have  been  asked  to  discuss  the  Alaska  SAR  Facil¬ 
ity  (ASF)  Education  Outreach  and  the  relative  success  of  our 
ideas  in  implementing  this  plan.  We  plan  to  develop  K-12  edu- 


1  Shelly  Fisher,  President,  National  Science  Teachers  Asso¬ 
ciation  (NSTA),  cited  from  the  NSTA  Web  page  http:// 
www.nsta.org. 

2  ibid,  NSTA,  http://www.nsta.org. 

3  Earthwatch,  Center  for  Field  Research,  http:// 
gaia.earthwatch.org/www/cfr.html. 


cational  modules  using  SAR  data;  initially,  modules  will  be 
focused  on  Alaskan  interests.  However,  since  we  have  been 
asked  to  focus  on  “big”  (i.e.  interesting  to  children)  topics,  the 
material  should  be  relevant  throughout  the  country. 

STATUS  OF  SCIENCE  EDUCATION 

There  are  various  reform  movements  defining  styles  which 
describe  how  science  should  be  taught.  Some  of  these  include 
the  Science/Technology/Society  (STS)  model,  the  Scope/Se- 
quence/and  Coordination  (SSC)  effort  and  the  constructivist 
model.  Remote  sensing  is  not  specifically  included  or  excluded 
in  any  of  the  reforms  or  the  styles.  Most  current  reforms  have 
such  general,  open-ended  guidelines  that  the  way  in  which  a 
district/teacher  goes  about  meeting  the  curriculum,  etc.,  is  open 
to  considerable  individual  interpretation.  One  of  the  big  themes 
in  the  AAAS  “Project  2061”  is  change.  Most  reforms  also  men¬ 
tion  earth  systems  at  some  point,  so  any  remote  sensing  of  the 
earth  might  apply  to  that  goal.  One  of  the  major  undercurrents 
in  science  education  is  that  technology  be  used  as  a  tool  of  sci¬ 
ence.  This  is  where  remote  sensing  fits  particularly  well  and 
may  find  its  niche. 

Science  education  student  performance  standards  for  the  State 
of  Alaska  were  adopted  in  1994.  The  state  considers  these  stan¬ 
dards  to  be  an  important  first  step  in  restructuring  our  educa¬ 
tion  system.  Alaska  wants  its  students  to  learn,  not  just  put  in 
time.  The  Fairbanks  North  Star  Borough  School  District 
(FNSBSD)  has  recently  adopted  a  K-12  Science  Curriculum 
Guide  for  its  local  school  district  (5/16/95).  Our  ASF  Educa¬ 
tion  Outreach  is  one  of  the  early  projects  responsive  to  this  guide. 
The  Science  Curriculum  Guide  is  similar  to  the  reforms  men¬ 
tioned  above,  containing  various  grade-level  science  focuses. 
Statewide  general  science  education  curriculum  requirements 
are  being  written  and  will  be  released  this  spring  in  a  document 
entitled  Frameworks. 

We  hope  remote  sensing  will  become  an  integral  part  of  this 
development.  We  want  to  equip  teachers  to  teach  students  about 
earth  sciences  and  earth  science  technologies,  including  remote 
sensing  topics.  We  hope  that  by  developing  interactive,  por¬ 
table  modules  which  can  be  taken  to  the  classroom,  we  will  be 
able  to  get  students  excited  about  doing  real  science  utilizing 
remote  sensing. 
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WHO  WE  ARE 

The  Alaska  SAR  Facility  (ASF)  is  a  National  Aeronautics 
and  Space  Administration  (NASA)-funded  satellite  receiving 
ground  station  and  scientific  research  program  located  at  the 
University  of  Alaska  Fairbanks.  The  aspects  of  our  mission  state¬ 
ment  relevant  to  the  Education  Outreach  are: 

•  We  exist  to  advance  polar  research  and  earth  sciences  by 
supporting  scientific  and  operational  application  of  remote 
sensing  data  to  better  understand  the  earth  as  a  system, 

•  We  acquire,  process,  distribute  and  archive  remote  sensing 
data  in  support  of  research,  operational  applications,  and 
education. 

•  We  contribute  to  education  at  the  university,  primary,  sec¬ 
ondary  and  community  levels  through  student  involvement, 
lectures,  curriculum  development,  electronic  information 
exchange  and  tours. 

Research  resulting  from  the  use  of  SAR  data,  and  ASF  SAR 
data  in  particular,  has  begun  to  flow  into  many  thematic  areas: 
hydrology,  glaciology,  forestry,  land  cover,  oceanography,  vol¬ 
canology,  geomorphology,  geology,  topography,  air-sea-ice  in¬ 
teraction,  and  interferometry  (a  relatively  new  science).  Algo¬ 
rithms,  tools,  and  data  sets  have  been  developed  by  research¬ 
ers.  Theses  and  dissertations  based  on  SAR  research  have  been 
successfully  defended.  Remote  sensing,  particularly  SAR  re¬ 
mote  sensing,  is  an  important  aspect  of  earth  system  science. 


HISTORY 

We  decided  to  examine  the  use  of  the  wealth  of  resources  within 
the  Geophysical  Institute  and  ASF  for  K~12  education.  Our  first 
fact-finding  meeting  with  the  Fairbanks  North  Star  Borough 
School  District  (FNSBSD)  became  a  brain-storming  session 
concerning  subjects  for  curriculum  elements  teachers  would  find 
useful.  The  FNSBSD  asked  us  to  target  our  efforts  toward  middle 
school  grades  4-6.  We  were  also  asked  to  tackle  “big”  subjects 
like  glaciers,  volcanoes,  forest  fires,  floods,  oil  spills:  topics 
which  would  stimulate  children’s  interest.  Specifically,  we  were 
asked  to  develop  “something”  on  the  subject  of  glaciers. 

We  have  experimented  with  several  software  authoring  envi¬ 
ronments  such  as  Digital  Chisel  and  HyperStudio.  Our  first 
module,  created  with  Digital  Chisel,  received  excellent  reviews 
from  teachers.  In  that  environment,  we  were  able  to  input  sounds, 
imagery,  and  videos.  Unfortunately,  imperfections  in  earlier 
versions  of  that  software  necessitated  a  migration  to  HyperCard 
to  finalize  the  prototype.  Although  HyperCard  was  also  able  to 
incorporate  sounds,  imagery,  and  videos,  its  use  involved  more 
intensive  scripting.  Teachers  were  again  pleased  with  our  pre¬ 
liminary  results,  which  we  placed  on  a  CD-ROM. 


Fig.  1  Module  Introduction-HyperCard  First  Card 


Our  prototype,  “Glacier  Power:  From  a  Snowflake  to  a  Surge,” 
incorporated  expert  input  from  local  glaciologists  and  was  re¬ 
viewed  by  a  formal  panel  of  teachers  and  school  district  offi¬ 
cials,  including  curriculum  implementation  coordinators. 

Feedback  from  this  panel  enabled  us  to  continue  development. 
The  panel’s  specific  recommendations  for  hands-on  materials 
and  more  intensive  interactive  capability  are  currently  being 
developed.  A  guidebook  for  teachers  and  an  activity  book  for 
students  are  presently  being  written.  We  are  also  authoring  most 
of  the  documentation  in  html  mark-up  language.  One  of  the 
key  elements  of  our  efforts  is  our  intent  to  place  many  of  the 
resources  for  each  module  on  our  Internet  home  pages.  This 
will  give  both  teachers  and  children  further  experience  using 
the  Internet  as  a  science/technological  tool.  We  will  have  a  great 
variety  of  links,  including  sound,  imagery,  video  segments,  and 
activities,  to  maintain  children’s  interest.  Also,  feedback  and 
assessment  for  the  student  activities  will  be  provided  via  web 
links.  We  plan  a  follow-up  workshop/review  for  further  assess¬ 
ment. 

Since  much  of  Alaska’s  population  lives  in  remote  areas,  in¬ 
corporating  our  modules  on  Internet  sites  is  important.  We  would 
like  to  implement  a  plan  to  include  interested  students  from 
this  population  which  consists  primarily  of  native  Alaskans,  both 
Eskimo  and  Indian.  The  Alaskan  school  system  is  diverse  in  its 
technological  capabilities  (from  schools  with  satellite  links  to 
schools  without  computers).  We  want  our  modules  to  be  por¬ 
table  and  to  carry  technology  with  them  in  order  to  cover  the 
whole  spectrum  and  meet  the  needs  of  individual  schools. 

We  also  plan  to  equip  teachers  to  teach  about  earth  sciences 
and  earth  science  technologies,  including  remote  sensing  top¬ 
ics,  and  have  been  working  with  the  University  of  Alaska  Edu¬ 
cation  Department  to  implement  this  plan.  One  of  our  team 
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members  is  currently  writing  curriculum  for  an  accredited  con¬ 
tinuing  education  course(s)  in  remote  sensing.  The  class(s)  will 
equip  teachers  to  use  remote  sensing  as  an  earth  science  tool  as 
well  as  introduce  any  curriculum  elements  we  generate.  The 
Remote  Sensing  Research  Group  within  the  University  of  Alaska 
Fairbanks  is  currently  also  generating  a  core  curriculum  in  the 
field  of  remote  sensing. 

THE  TEAM 

The  ASF  Education  Outreach  team  leader  develops  the  outreach 
with  guidance  from  the  ASF  Chief  Scientist  and  from  members 
of  the  ASF  Education  Outreach  Advisory  Group,  which  is  or¬ 
ganized  into  focus  teams  to  address  issues  such  as  Internet  de¬ 
velopment,  curriculum  development,  continuing  education,  and 
other  areas  of  interest  to  the  education  outreach  as  a  whole. 
Since  the  development  of  the  World  Wide  Web,  that  aspect  of 

ASF  Education  Outreach 


Fig.  2  ASF  Education  Outreach  Organization  Chart 


Fig.  3  Education  Outreach  Matrix 
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the  education  outreach  will  be  critical,  and  that  focus  team  will 
evolve  into  a  semi-permanent  working  group. 


The  Implementation  Group  will  consist  of  people  who  become 
instrumental  in  delivering  the  product  of  the  ASF  Education 
Outreach  to  educators,  classrooms,  and  students.  We  will  train 
teams  to  take  our  material  to  Alaskan  villages.  Some  of  the  ben¬ 
efits  reaped  by  village  teachers  and  students  will  include  fur¬ 
ther  familiarization  with  technology,  as  well  as  instruction  in 
earth  science. 


OTHER  IMPORTANT  LINKS 

The  FNSBSD  is  also  involved  with  an  NSF-funded  Partners 
in  Science  Program  which  exists  to  “further  math  and  science 
learning  in  grades  K-12  in  the  Fairbanks  North  Star  Borough 
School  District,  in  two  rural  Alaskan  school  districts  (Iditarod 
and  Gateway),  and  among  isolated  home-schoolers.  This  project 
links  practicing  scientists  from  higher  education,  government, 
and  industry  with  teachers  and  students,  using  the  latest  infor¬ 
mation  networking  technology.  It  will  be  instrumental  in  ignit¬ 
ing  a  redefinition  of  technology’s  place  in  the  education  pro¬ 
cess  in  the  targeted  school  districts.”  We  have  recently  agreed 
to  supplement  the  /  ^rtners  in  Science  Program  and  have  sug¬ 
gested  a  cooperative  project  with  the  Iditarod  School  District. 
This  project  will  enable  students  to  assist  calibration  engineers 
and  scientists  in  the  set-up  of  corner  reflectors.  The  ASF  uses 
comer  reflectors  to  callibrate  signals  from  the  satellites  we  serve. 
A  comer  reflector  will  appear  as  a  bright  white  pixel  in  a  satel¬ 
lite  synthetic  aperture  radar  image.  Within  the  Partners  in  Sci¬ 
ence  Program,  one  of  our  scientists  has  also  teamed  up  with  a 
local  4th  grade  classroom.  Students  email  questions  to  “their 
scientist.”  We  are  developing  an  Internet  home  page  for  this 
scientist  to  use  and  plan  to  develop  pages  for  each  of  our  scien¬ 
tists  who  become  involved  with  education. 


SUMMARY 

We  are  a  new,  developing  project  within  a  larger  entity,  the 
NASA-funded  Alaska  SAR  Facility.  We  are  making  progress 
towards  our  goal  of  contributing  to  education  and  have  an  ex¬ 
citing  group  of  people  to  interact  and  create  with.  We  continue 
to  work  with  officials,  curriculum  experts,  and  teachers  to  per¬ 
fect  our  work  and  ensure  its  quality.  Our  team  members  are 
developing  guidebooks  for  students  and  teachers  as  well  as  CD- 
ROMs.  Much  of  the  material  will  be  accessible  on  the  Internet. 
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Observations  of  Sea  Ice  Physical  Properties  during  the  Sea  Ice  Electromagnetics  Initiative 
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Hanover  NH  03755 
603-646-4256  phone 
603-646-4644  fax 
perovich@hanover-crrel.army.mil 


Abstract  -  An  Office  of  Naval  Research  sponsored  sea  ice 
electromagnetics  research  initiative  has  been  directed  to¬ 
wards  relating  the  observed  variability  in  sea  ice  electromag¬ 
netic  signatures  to  changes  in  sea  ice  physical  properties, 
and  then  using  this  information  to  develop  forward  and  in¬ 
verse  models.  In  this  paper  we  present  an  overview  of  labo¬ 
ratory  and  field  observations  made  of  sea  ice  physical  prop¬ 
erties  during  the  past  three  years.  This  description  included  a 
statistical  characterization  of  the  ice  microstructure.  We 
shall  present  these  observations  in  the  context  of  tracing  the 
development  of  sea  ice.  The  laboratory  studies  included  in 
situ  measurements  of  the  physical  and  electromagnetic  prop¬ 
erties  of  young  ice  sheets  grown  under  both  quiescent  and 
active  conditions. 

INTRODUCTION 

The  ONR  sponsored  sea  ice  electromagnetics  initiative  has 
been  directed  towards  relating  the  observed  variability  in  sea 
ice  electromagnetic  signatures  to  changes  in  sea  ice  physical 
properties,  and  then  using  this  information  to  develop  for¬ 
ward  and  inverse  models.  Sea  ice  is  a  complex  material  with 
an  intricate  and  highly  variable  structure,  and  a  detailed  de¬ 
scription  of  the  ice  physical  properties  has  been  an  integral 
component  of  this  effort.  This  description  includes  vertical 
profiles  of  ice  salinity,  temperature,  brine  volume,  density 
and  crystal  structure.  In  this  paper  we  present  an  overview 
of  laboratory  and  field  observations  made  of  sea  ice  physical 
properties  during  the  past  three  years. 

Measurements  entailed  the  use  of  a  large  pond  at  CRREL 
to  fabricate  a  variety  of  saline  ice  types,  ranging  from  first- 
year  ice  simulants  to  thermally  modified  ice  sheets  where 
physical  and  structural  properties  closely  mimicked  arctic 
second-year  ice.  Snow-covered  ice  sheets  in  addition  to  rub¬ 
bled  and  pancake  ice  sheets  were  successfully  fabricated  in 
conjunction  with  active  and  passive  microwave  imaging. 
Experiments  were  extended  to  first-year  and  multi-year  ice  at 
Barrow,  Alaska  for  intercomparison  with  the  pond-grown  ice 
sheets.  The  effect  of  an  aligned  c-axis  structure,  predomi¬ 
nant  in  the  ice  at  Barrow,  but  absent  in  pond-grown  ice  at 
CRREL,  was  clearly  reflected  in  a  number  of  electromag¬ 
netic  measurements.  In  addition  to  this  qualitative  descrip¬ 
tion  of  the  ice,  we  formulated  a  statistical  characterization  of 
0-7803-3068-4/96$5.00©1996  IEEE 


the  ice  microstructure,  including  inclusion  size  distributions 
and  spatial  correlation  functions  of  permittivity. 

RESULTS 

During  the  first  year  of  operations  of  the  new  CRREL 
pond  facility,  known  as  the  Geophysical  Research  Facility 
(GRF),  measurements  were  confined  to  a  single  ice  sheet 
grown  under  ambient  meteorological  conditions.  The  pond 
contained  water  with  a  bulk  salinity  of  29-30  °loo  made  up 
essentially  of  components  closely  simulating  arctic  ocean 
water.  Ice  growth  was  initiated  during  the  evening  of  18 
January  1993.  The  water  was  allowed  to  nucleate  spontane¬ 
ously  (without  seeding)  leading  to  the  formation  of  coarse¬ 
grained  columnar  ice  typical  of  that  foimd  in  a  quietly 
freezing  arctic  lead.  Ice  thickness  increased  slowly  to  6  cm 
by  21  January  and  to  8.7  cm  by  30  January.  It  reached  a 
maximum  thickness  of  19.5  cm  by  19  February.  An  ice  char¬ 
acterization  program  that  was  applied  to  this  and  all  subse¬ 
quent  saline  ice  sheets  grown  over  the  next  two  seasons  in¬ 
cluded  measurements  of  surface  air  and  in  situ  water  and  ice 
temperatures,  surface  and  bulk  salinities,  and  documentation 
of  ciystalline  structure/brine  pocket  characteristics  on  thin 
sections  taken  from  samples  cut  from  the  growing  ice  sheet 
The  effects  of  a  snow  cover  including  brine  wicking  on  mi¬ 
crowave  signatures  were  investigated  along  with  siuface 
roughness  effects  created  by  broadcasting  ice  chips  onto  the 
ice  sheet  surface.  A  series  of  salinity  profiles  over  the  ex¬ 
tended  period  of  growth  of  this  ice  sheet  is  shown  in  Fig.  1. 
C-shaped  profiles,  typical  of  young  sea  ice  growth  in  the 
Arctic,  characterize  the  earlier  stages  of  growth  of  the  pond 
ice;  later  profiles  reflect  the  desalinating  effects  of  periodic 
elevated  air  temperatures  occurring  during  the  latter  stages 
of  ice  growth. 

Experiments  in  January  1995  included  the  application,  for 
the  first  time  in  the  GRF,  of  a  wave  maker  to  fabricate  a 
pancake  ice  sheet.  In  this  instance  the  wave  generator  was 
fastened  securely  to  the  portable  walkway  spanning  the  pond. 
The  wave  maker  consisted  of  a  paddle  attached  to  a  variable 
speed  motor.  Turbulence  created  by  the  wave  maker  ensured 
the  formation  of  a  layer  of  frazil  ice  ctystals  on  top  of  the 
pond.  The  continued  effect  of  waves  produced  in  this  maimer 
was  to  convert  the  semi-consolidated  frazil  ice  layer  into  a 
field  of  pancakes  with  individual  pans  ranging  in  size  from 
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Fig.  3.  The  granular  nature  of  the  ice,  and  the  presence  of 
both  air  bubbles  and  brine  pockets  are  evident  in  the  photo¬ 
graph.  The  air  bubbles  resulted  from  the  agitated  nature  of 
the  initial  ice  growth.  There  were  roughly  one-third  as  many 
air  bubbles  as  brine  pockets.  Air  bubbles  were  larger,  with  a 
mean  area  of  the  air  bubbles  approximately  five  times  greater 
than  the  brine  pockets  (0.28  mm^  vs  0.046  mm^).  As  Fig.  3 
demonstrates,  the  size  distributions  for  the  air  bubbles  and 
brine  pockets  are  separated  and  easily  distinguished. 

In  general,  air  bubbles  are  much  larger  than  brine  pockets, 
with  mean  major  axis  lengths  on  the  order  of  millimeters  for 
air  bubbles  and  tenths  of  a  millimeter  for  brine  pockets.  The 
inclusion  shape  also  differs,  as  the  brine  pockets  are  more 
elongated  than  the  air  bubbles.  The  cumulative  size  distribu¬ 
tions  for  both  the  air  bubbles  and  brine  pockets  are  well- 
fitted  by  a  two-parameter  lognormal  distribution  of  the  form: 


CDF{A)  =  ^erfc 


a-Jl 


Fig.  1.  Selected  salinity  profiles  of  a  first-year  ice  simulatant 
grown  in  the  CRUEL  pond. 

10-50  cm  in  diameter  and  several  centimeters  thick.  A  verti¬ 
cal  thin  section  slice  of  a  pan  showing  the  frazil  platelet 
structure  and  salinity  distribution  within  the  pan  is  presented 
in  Fig.  2.  The  shapes  of  the  pan,  with  their  raised  rims,  and 
the  overall  nature  of  their  aggregation  simulated  very  closely 
the  same  features  observed  in  pancake  fields  in  the  Arctic. 


I  CENTIMETERS  i 

Fig.  2.  Crystal  structure  and  salinity  distribution  (o/oo)  in  a 
vertical  slice  of  a  pancake  from  pancake  ice  sheet  simulant 
grown  in  the  CRREL  pond.  Sequence  of  ice  textures  is  slush 
(S)  at  top  of  pancake  underlain  by  platy  frazil  (P). 

We  also  determined  statistical  descriptions  of  the  ice  mi¬ 
crostructure.  One  such  description  is  the  inclusion  size  dis¬ 
tribution  of  brine  pockets  and  air  bubbles.  Thin  section  pho¬ 
tographs  were  digitized  and  analyzed  using  personal  com¬ 
puter  based  image  processing  software  [1,2].  Results  from 
the  top  centimeter  of  pond-growth  pancake  ice  are  shown  in 


Fig.  3.  Inclusion  size  distribution  results  for  pancake  ice.  a) 
Horizontal  thin  section  at  a  depth  of  1  cm.  b)  Plot  of  ob¬ 
served  (solid  squares)  and  best-fit  (curve)  cumulative  brine 
pocket  (left)  and  air  bubble  (right)  size  distributions. 
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A  field  project  was  undertaken  during  April-May  1994  at 
Point  Barrow,  Alaska,  to  determine  if  conclusions  from  the 
laboratory  experiments  could  be  substantiated  in  the  field. 
The  work,  centered  around  observations  at  two  first-year  ice 
sites,  involved  comprehensive  investigations  of  the  physical 
properties  of  the  ice  and  the  overlying  snow  conducted  in 
conjunction  with  active  and  passive  microwave  imaging  and 
other  related  remote  sensing  measurements. 

Physical  property  characterizations  of  the  ice  sheets  at 
both  sites  were  based  on  cores  drilled  at  selected  locations 
within  the  remote  sensing  grids.  Salinity  profiles  from  the 
Chukchi  Sea  site,  exhibiting  c-shaped  features  so  typical  of 
Arctic  first-year  ice,  are  shown  in  Fig.  4. 


Fig.  4.  Salinity  profiles  of  first-year  ice  at  Chukchi  Sea  site, 
Barrow  Alaska. 

At  the  second  site,  located  in  the  Beaufort  Sea,  the  ice 
measured  1.65-1.76  m  thick  and  had  formed  during  a  single 
sustained  episode  of  freezing.  Except  for  a  5-10  cm  thick 
layer  of  granular  and  transition  type  ice  at  the  top  of  the 
sheet,  the  ice  at  this  location  consisted  of  elongated  columnar 
crystals  with  c-axes  moderately  to  very  strongly  aligned  in 
the  direction  of  the  long  shore  current.  A  slight  swing  (10- 
15°)  in  the  c-axis  aligiunent  in  the  lower  layers  of  the  ice  is 
attributed  to  the  effects  of  nearby  pressure  ridge  formation 
causing  a  small  deflection  of  the  prevailing  current  direction, 
generally  paralleling  the  shoreline.  Bottom  cores  all  con¬ 
tained  abundant  algae.  A  physical  and  structural  property 
diagram  is  presented  in  Fig.  5.  The  salinity  profile  shows 
evidence  of  significant  desalination  at  the  top  of  the  ice  sheet 
attributable  to  the  effects  of  sustained  elevated  surface  air 
temperature  that  occurred  prior  to  and  during  investigations 
at  this  site. 


m  Transition 

Columnar  Salinity-densily-leniperaturet  and  struciure  profiles  of 

firsl-year  ice  sheet  at  site  1  (Beaufort  Sea).  Scale  beside 
Columnar  iiorizofrtal  thin  section  photograph  is  in  tnilltinelers. 

S  Salinity 

T  Temperatufs  *  ^ 

D  Density 

SUMMARY 

A  large  pond  at  CRREL  was  used  to  fabricate  a  variety  of 
saline  ice  types,  including  first-year  ice  simulants  whose 
properties  closely  mimicked  their  Arctic  sea  ice  counterparts. 
These  experiments  conducted  in  conjunction  with  active  and 
passive  microwave  observations,  were  extended  to  first-year 
ice  studies  at  Barrow  Alaska  for  intercomparison  with  pond- 
grown  ice  sheets.  Qunulative  probability  distributions  of  the 
size  of  air  bubbles  and  brine  pockets  are  well-fitted  by  a  two- 
parameter  lognormal  distribution.  Results  indicated  that  air 
bubbles,  in  general,  are  roughly  an  order  of  magnitude  larger 
than  brine  pockets  and  are  less  elongated. 
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ABSTRACT  -  In  this  work  we  quantify  the  vertical  and 
seasonal  characteristics  of  the  geophysical  and  electrical 
properties  of  snow  covers  on  landfast  first-year  and  multiyear 
sea  ice.  Snow  grain  size,  density,  salinity,  temperature  and 
wetness  were  measured;  the  volume  fractions  of  air,  ice, 
brine,  and  the  complex  dielectric  constant  of  the  snow  and 
sea  ice  were  modelled  over  a  cm  vertical  resolution  spanning 
the  seasonal  periods  from  April  to  June.  First-year  sea  ice 
snow  covers  (FYr92  and  FYr93)  showed  that  over  the 
vertical  dimension  all  variables  depict  a  multilayer  system. 
Deposition  of  a  new  snow  cover  (FYr92)  significantly 
altered  the  physical  characteristics  of  the  snow  volume  but 
not  the  dielectric  properties.  The  basic  vertical  patterns 
observed  in  FYr92  were  also  observed  in  FYr93,  except  for 
the  influence  of  the  new  snow  layer  of  FYr92.  The  pattern 
of  physical  and  electrical  characteristics  for  a  multiyear  sea 
ice  snow  cover  were  statistically  different  than  an  equivalent 
first-year  ice  case.  Modelling  of  the  snow  grain  area  size 
characteristics  can  be  done  using  a  family  of  Chi-Square 
distributions  with  varying  degrees  of  freedom. 

INTRODUCTION 

Snow  is  a  complex  crystalline  material  which  forms  from 
the  condensation  and  sublimation  of  water  vapour  onto  a 
nucleating  material.  Relative  to  snow  on  terrestrial  surfaces, 
little  is  known  about  the  precipitation  or  distribution  of  snow 
on  sea  ice.  Climatologically,  the  snow  cover  on  sea  ice  forms 
the  interface  volume  which  partitions  the  hydrosphere  and 
atmosphere.  The  snow  geophysics  are  directly  linked  with 
the  physical  properties  of  the  underlying  sea  ice,  as  are  the 
fluxes  of  energy  and  mass  operating  across  this  interface. 
Radiatively,  snow  (or  lack  of  it)  controls  the  surface  radiation 
balance  through  its  affect  on  shortwave  and  longwave 
exchanges.  The  combined  snow  and  sea  ice  volume  both 
affect  and  are  affected  by  the  forcing  of  the  atmosphere  and 
hydrosphere  resulting  in  an  integrated  system  which  is 
modulated  by  feedback  mechanisms  amongst  the  components 
of  the  interface. 

The  objectives  of  this  research  are  to  investigate  the 
microscale  characteristics  of  a  snow  cover  on  first-year  and 
multiyear  sea  ice.  Specifically  we  address  two  research 
themes,  from  the  perspective  of  microscale  physical  and 
electrical  properties:  i)  What  is  the  nature  of  the  vertical 
heterogeneity  of  these  types  of  snow  covers?;  and  ii)  can  the 
vertical  heterogeneity  be  modelled  statitistically?  These 
themes  are  important  in  the  development  of  forward  and 
0-7803-3068-4/96$5.00©1996  IEEE 


inverse  scattering  model  development  as  it  relates  to 
microwave  and  optical  wavelength  scattering  over  snow 
covered  sea  ice. 

METHODS 

Data  used  in  this  research  were  collected  during  the 
Seasonal  Sea  Ice  Monitoring  and  Modelling  Site  (SIMMS) 
experiments  in  1992  and  1993.  Details  of  the  experiment  are 
available  elsewhere  [1].  Three  case  studies  are  analyzed: 
landfast  first-year  sea  ice  with  a  thick  snow  cover  (F Yr92); 
landfast  first-year  sea  ice  with  a  thin  snow  cover  (FYr93); 
and  a  multiyear  sea  ice  surface  (refrozen  melt  pond)  with  a 
thick  snow  cover  (MYr93).  Details  of  the  methods  used  in 
sample  collection  are  available  elsewhere  [2]. 

Assessment  of  the  vertical  structure  of  the  snow  cover  was 
addressed  by  analyzing  the  observed  and  modelled  variables 
under  typici  winter  conditions.  We  selected  temperatures  of 
less  than  -lO^C  for  all  points  within  the  volume  (at  1330  hrs 
local  time),  as  a  winter  criterion.  Smoothed  averages  of 
salinity,  density,  permittivity  and  loss  ( e'  and  e"),  and  snow 
grain  area  were  plotted  as  a  function  of  depth  for  each  of  the 
cases  studied  (i.e.,  FYI’ 92,  FYr93  and  MYr93).  Statistical 
groupings  over  the  vertical  dimension  were  computed  using  a 
post  hoc  difference  of  means  test  in  a  one  way  analysis  of 
variance  (Wilkinson,  1992).  A  bar  chart  was  constructed  to 
display  the  results  of  the  statistical  grouping  analysis  and  is 
presented  with  the  vertical  smoothed  profiles.  A  solid  bar 
represents  a  statistically  indistinguishable  grouping  (a  = 

0.05)  over  the  depths  associated  with  the  bar.  An  analysis 
was  conducted  to  test  the  similarity  of  the  vertical 
distributions  which  were  observed  for  each  of  the  variables 
over  the  three  sites  tested.  A  Kolmogorov-Smimov  non- 
parametric  test  (Wilkinson,  1992)  was  used  to  assess  whether 
the  distributions  could  be  considered  to  come  from  a  single 
parent  population  (i.e.,  could  be  considered  equivalent  both  in 
shape  and  magnitude). 

A  statistical  analysis  was  conducted  to  determine  the  ‘best 
fit’  parametric  distribution  to  snow  grain  sizes  over  the 
vertical  dimension  of  the  snow  volume.  A  probability  plot 
was  computed  using  all  snow  grain  areas  within  a  particular 
vertical  layer  within  the  snow  cover.  This  probability  plot 
was  then  compared  to  all  possible  Chi-Square  distributions 
with  degrees  of  freedom  tetween  0  and  10  (Fig  1).  The  best 
fit  Chi-Square  was  selected  based  on  a  least-squares  decision 
rule. 
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Fig.  1.  Chi-Square  probability  density  functions  for  1 
through  6  degrees  of  freedom. 


RESULTS  AND  DISCUSSION 


In  a  first-year  sea  ice  snow  cover,  the  salinity,  density  and 
grain  size  vertical  profiles  indicate  the  existence  of  a 
multilayer  system  (Figs  2  and  3).  Each  of  the  variables 
illustrate  the  existence  of  a  high  brine  volume,  low  density, 
large  grain  size,  basal  layer.  This  layer  gradually  transforms 
into  a  typical  snow  cover  through  a  transitional  zone. 
Statistically  the  salinity  variable  illustrated  a  4  layer  system 
with  the  ice  surface,  3  (2)  cm  basal,  6  (4)  cm  transitional,  and 
the  aggregate  of  9  (6)  to  30  (12)  cm  levels,  being  statistically 
separable  at  FYr92  (Fig,  2)  and  FYr93  (Fig.  3).  Density 
and  snow  grain  size  illustrated  a  5  layer  system  in  1992  and  a 
3  layer  system  in  1993.  The  differences  are  due  to  a  low 
density  snow  precipitate  being  deposited  over  an  older 
“original”  snow  layer  in  1992  [2].  Assessment  of  the  grain 
types  [3]  typical  within  each  of  the  layers  indicates  good 
agreement  in  the  basal  and  original  snow  layers  between 
1992  and  1993  (Figs  2  and  3).  Dielectrically  the  snow  cover 
consisted  of  a  single  group  and  the  ice  cover  a  second  group 


in  both  1992  and  1993. 


Salinity  Density  Grain  Size  ftMmdttiviy  Los 

(ppt)  (kg-m-3)  (cm) 

Fig.  2.  Average  values  and  statistical  groupings  (a=0.05)  for 
Salinity,  Density,  Grain  Size,  Permittivity  (eO,  and  Loss  (e") 
for  the  FYI’92  study  site  for  temperatures  below  -  WC. 

Grain  Type  refers  to  the  predominant  grain  structure  within 
each  of  the  main  vertical  groups.  See  text  for  description  of 
the  profiles,  grain  types  and  statistical  groupings. 


The  vertical  distributions  of  bulk  salinity,  between  FYr92 
and  FYr93  under  winter  conditions,  were  found  to  be 
statistically  indistinguishable  (a=0.05)  in  the  Kolmogorov- 
Smimov  analysis.  This  is  because  the  new  snow  layer  had  a 


salinity  of  0.  The  density  and  grain  size  distributions  were 
however,  distinguishable  (a=0.05).  This  was  due  to  low 
density  and  small  grain  sizes  in  the  27  to  30  cm  levels. 
Comparison  of  the  dielectric  vertical  profiles  indicated  that 
FYr92  and  FYr93  profiles  were  indistinguishable  in  winter 
conditions.  Although  there  was  much  more  variability  in  the 
profiles  of  both  e'  and  e"  in  FYr92  the  within  depth  spread 
was  sufficiently  large  to  result  in  a  non-significant  difference. 


Salinity  Density  Grain  Size  Type  Pennittivity  Loss 

(ppt)  O^-m-3)  (mm) 

Fig.  3.  Average  values  and  statistical  groupings  (a=0.05)  for 
Salinity,  Density,  Grain  Size,  Permittivity  (eO,  and  Loss  (e") 
for  the  FYr93  study  site  for  temperatures  below  -10°C. 

Grain  Type  refers  to  the  predominant  grain  structure  within 
each  of  the  main  vertical  groups.  See  text  for  description  of 
the  profiles,  grain  types  and  statistical  groupings. 

In  a  multiyear  sea  ice  snow  cover  (MYr93)  the  salinity, 
density  and  grain  size  vertical  profiles  indicated  the  existence 
of  a  single  layer  system  (Fig  4).  The  vertical  profile  of  snow 
grain  size  inciicat^  an  enlargement  of  grains  in  the  3  and  6 
cm  levels.  Statistically,  the  density  and  grain  size  variability 
was  sufficiently  large  that  the  general  trends  observed  in  the 
profiles  did  not  create  a  statistically  distinct  class  for  either 
density  or  snow  grain  size.  Dielectrically  the  snow  cover 
consisted  of  a  single  group  and  the  ice  cover  a  second  group 
inMYr93  (Fig.  4). 


Salinity  Density  Grain  Size  Permittivity  Lo^ 
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Fig.  4.  Average  values  and  statistical  groupings  (a=0.05)  for 
Salinity,  Density,  Grain  Size,  Permittivity  (eO,  and  Loss  (e") 
for  the  MYr93  study  site  for  temperatures  below  -lOX. 

Results  from  the  distribution  fitting  illustrate  that  the  Chi- 
Square  family  of  distributions  are  appropriate  for  estimating 
the  grain  size  area  distribution  throughout  the  vertical 
dimension  of  the  snow  volume  of  both  first-year  and 
multiyear  sea  ice  types.  An  illustration  of  the  method  (Figure 
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5)  shows  the  modelled  versus  observed  probabilities  between 
a  Chi-Square  (df=6)  and  observed  snow  grain  area  at  the  54 
cm  level  at  the  SIMMS ’92  MYI  site. 


Fig.  5.  Chi-Square  distribution  least  squares  fit  with  the 
observed  snow  grain  area  at  the  54  cm  level  at  the  SIMMS ’92 
MYI  site. 
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Fig.  7.  Best  fit  Chi-Square  distributions  (degrees  of  freedom) 
per  vertical  snow  layer  (day  151)  on  multiyear  sea  ice. 


LITERATURE  CITED 


Optimal  selection,  based  on  the  best  least  squares  fit,  resulted 
in  a  vertical  distribution  of  Chi-square  fits  to  the  observed 
snow  grain  area  estimates  (Figs.  6  and  7).  Results  from  this 
analysis  show  that  the  first-year  and  multiyear  sea  ice  type 
snow  covers  require  different  Chi-Square  distributions  to 
model  the  vertical  heterogeneity  of  snow  grain  sizes  with 
depth. 

r2  Values 


Chi-Square  degrees  of  freedom  (df) 

Fig.  6.  Best  fit  Chi-Square  distributions  (degrees  of  freedom) 
per  vertical  snow  layer  on  first-year  sea  ice  (day  152). 
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Abstract  -  This  paper  presents  C-band  polarimetric 
backscatter  signatures  of  sea  ice  measured  during  CR- 
RELEX  (Cold  Regions  Research  and  Engineering  Lab¬ 
oratory  Experiment)  from  1993  to  1995,  Observed  radar 
backscatter  of  sea  ice  is  related  to  sea  ice  physical  char¬ 
acteristics.  Complex  scattering  models  for  sea  ice  are  de¬ 
veloped  and  used  to  interpret  measured  radar  data  with 
sea  ice  physical  parameters.  These  results  for  sea  ice  at 
C  band  are  important  for  applications  to  remote  sensing 
data  acquired  with  many  airborne  and  spaceborne  C-band 
synthetic  aperture  radars. 

INTRODUCTION 

Sea  ice  has  important  effects  on  local  and  regional  heat 
transfer  processes  between  the  atmosphere  and  ocean  and 
on  global  climate  due  to  feedback  mechanisms  in  the  cli¬ 
mate  system.  In  the  remote  sensing  of  the  global  en¬ 
vironment,  many  radar  systems  have  been  used,  such 
as  the  Jet  Propulsion  Laboratory  (JPL)  Aircraft  SAR, 
the  Spaceborne  Imaging  Radar,  the  European  Remote 
Sensing  Satellites  (ERS-1  and  ERS-2),  and  the  Canadian 
Radar  Satellite  (RADARS AT);  all  operate  at  C  band  (see 

The  research  described  in  this  paper  was  performed  by  the  Cen¬ 
ter  for  Space  Microelectronics  Technology,  Jet  Propulsion  Labo¬ 
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CRREL  under  ONR  contracts  N00014-95-MP-3002  and  N00014-95- 
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N00014-90-J-0161. 
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references  [1,  2,  3]),  For  remote  sensing  of  sea  ice,  it  is 
thus  pertinent  to  study  C-band  backscatter  signatures  of 
sea  ice  in  relation  to  ice  geophysical  characteristics. 

Experiments  have  been  carried  out  at  CRREL  to  mea¬ 
sure  polarimetric  backscatter  signatures  from  sea  ice  to¬ 
gether  with  ice  physical  and  morphological  characteristics. 
The  purposes  are  to  investigate  the  electromagnetic  scat¬ 
tering  mechanism  in  saline  ice,  to  relate  the  polarimetric 
backscatter  to  ice  physical  characteristics,  and  to  develop 
and  verify  forward  and  inverse  models  for  remote  sens¬ 
ing  of  sea  ice.  Controlled  laboratory  conditions  are  used 
to  avoid  complicated  variations  in  interrelated  ice  char¬ 
acteristics  and  environmental  effects.  The  important  fea¬ 
ture  in  these  experiments  is  that  fully  polarimetric  data 
as  functions  of  incident  angles  are  obtained  together  with 
ice  characterization  data,  not  just  for  several  isolated  ice 
conditions  but  at  all  stages  of  the  ice  growth.  These  ex¬ 
perimental  data  impose  strict  constraints  on  the  determi¬ 
nation  of  the  dominant  scattering  mechanism.  Full  po¬ 
larimetric  data  sets  require  a  simultaneous  explanation  of 
all  measured  curves,  while  ice  parameters,  which  cannot 
be  treated  independently,  are  interrelated  and  governed 
by  physical  processes  during  the  ice  growth. 

In  this  paper,  we  present  results  from  CRREL  exper¬ 
iments  conducted  in  1993,  1994,  and  1995.  The  C-band 
polarimetric  scatterometer  system,  operation,  sensitivity, 
and  calibration  has  been  described  [4].  Specifically,  we  in¬ 
vestigate  the  evolution  of  C-band  polarimetric  signatures 
of  sea  ice  under  constant  growth  and  quiescent  conditions, 
effects  on  sea  ice  backscatter  due  to  diurnal  thermal  tem¬ 
perature  cycling,  and  backscatter  response  to  the  frost 
flower  formation  of  sea  ice  surface. 
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CRREL  EXPERIMENTS  1993 

In  CRRELEX  1993,  saline  ice  was  grown  under  quies¬ 
cent  conditions  at  constant  air  and  water  temperatures 
to  measure  polarimetric  signatures  during  ice  growth.  A 
constant  growth  rate  was  achieved  and  the  interfaces  of 
the  ice  sheet  were  unperturbed.  Physical  characteristics 
of  the  ice  sheet  including  growth  conditions,  thickness  and 
growth  rate,  temperatures  and  salinities,  and  internal  and 
interfacial  structures  were  measured.  The  results  verify 
the  similarity  of  the  ice  grown  in  this  experiment  with 
Arctic  sea  ice  grown  under  similar  environmental  condi¬ 
tions.  Polarimetric  backscattering  coefficients  measured 
during  the  ice  growth  reveal  a  significant  increase  by  8-10 
dB  for  the  range  of  ice  thickness  from  3  cm  to  11.2  cm. 
The  C-band  backscatter  results  are  plotted  in  Figure  1. 
Since  the  interfacial  surfaces  were  unchanged,  the  surface 
scattering  mechanism  cannot  be  the  dominant  factor  to 
account  for  the  8-10  dB  backscatter  increase  in  this  ex¬ 
periment.  The  backscatter  increase  correlates  with  the 
increase  in  thickness  of  the  saline  ice  volume  during  the 
ice  growth  at  all  incident  angles  under  consideration  and 
the  scattering  mechanisms  is  related  to  brine  scatterers 
in  the  ice  sheet.  The  composite  sea  ice  model  including 
thermodynamic  effects  on  the  phase  and  morphological 
distributions  of  brine  inclusions  agrees  with  the  observed 
backscatter  variations  caused  by  thermal  effects. 

CRREL  EXPERIMENTS  1994 

CRRELEX  1994  was  carried  out  in  January  1994  at  the 
CRREL  outdoor  Geophysical  Research  Facility.  The  pur¬ 
pose  was  to  investigate  the  effects  on  polarimetric  scat¬ 
tering  signatures  of  sea  ice  grown  under  diurnal  temper¬ 
ature  variations.  An  ice  sheet  was  grown  in  2.5  days  to 
achieve  a  thickness  of  10  cm.  The  C-band  polarimetric 
scatterometer  was  used  to  obtain  backscattering  data  in¬ 
terlaced  with  passive  measurements  in  conjunction  with 
ice-characterization  measurements.  The  ice  growth  was 
initiated  in  the  late  morning  of  January  19,  1994  and  the 
growth  rate  was  slow  due  to  high  insolation  and  tempera¬ 
ture.  During  the  night,  the  air  temperature  dropped  and 
the  growth  rate  increased  significantly.  The  air  tempera¬ 
ture  changed  drastically  from  about  —  10®C  to  — 35®C  be¬ 
tween  day  and  night.  The  next  day,  the  temperature  cycle 
was  repeated  and  the  growth  rate  varied  in  the  same  man¬ 
ner.  Throughout  the  2.5-day  duration  of  the  experiment, 
polarimetric  backscatter  data  were  measured  at  roughly 
every  centimeter  of  ice  growth  together  with  ice  character¬ 
ization  parameters.  The  results  in  Fig.  2  reveal  a  strong 
correlation  between  radar  data  and  temperature  varia¬ 
tions  during  two  diurnal  thermal  cycles.  The  backscat¬ 
ter  decreases  for  a  colder  temperature  and  increases  for  a 
warmer  temperature. 

CRREL  EXPERIMENTS  1995 

In  CRRELEX  1995,  frost  flowers  were  grown  on  saline 
ice.  Frost  flowers  consisted  of  fragile  saline  ice  crystals 
growing  on  the  surface  of  young  sea  ice.  The  flower  forma¬ 
tion  thermally  modifies  the  characteristics  of  the  ice  sheet. 
The  flower  cover  has  been  suggested  to  cause  a  backscat¬ 


ter  enhancement  observed  in  SAR  images  of  young  ice. 
The  experiment  was  carried  out  in  an  indoor  refrigerated 
facility  at  CRREL.  The  objective  of  this  study  is  to  deter¬ 
mine  effects  of  the  frost  flowers  on  C-band  radar  backscat¬ 
ter.  More  than  90%  areal  coverage  of  frost  flowers  was 
achieved  at  a  controlled  air  temperature  of  — 28®C.  Po¬ 
larimetric  scatterometer  data  were  measured  throughout 
the  experiment  together  with  salinities  and  temperatures 
at  various  parts  of  the  frost  flowers.  A  video  system  was 
used  to  take  time  series  images  at  normal  incident  angle  to 
characterize  the  areal  coverage  of  the  flowers.  Oblique  im¬ 
ages  of  the  overall  ice  surface  were  obtained  with  a  camera 
at  the  beginning  of  every  set  of  scatterometer  measure¬ 
ments.  Closeup  photographs  of  frost  flowers  were  taken 
with  a  hand-held  camera  to  show  detail  structures  of  the 
flowers  at  different  growth  stages.  At  the  first  stage  of 
the  ice  growth,  frost  flowers  appeared  in  a  stellar  den¬ 
drite  form.  Then,  the  flowers  changed  into  needle  crys¬ 
tals.  Three  sets  of  polarimetric  data  were  measured:  (1) 
for  the  full  frost  flower  formation,  (2)  for  the  ice  crystals 
removed  leaving  the  slush  patches  underneath  the  flowers, 
and  (3)  for  bare  ice  with  all  the  flower  formation  removed. 
The  experiment  determined  that  the  frost  flower  forma¬ 
tion  enhanced  backscatter  by  3-5  dB  over  the  background 
ice  layer  as  shown  in  Fig.  3. 

SUMMARY 

This  paper  presents  results  of  C-band  polarimetric 
backscatter  signatures  of  sea  ice  obtained  from  CRREL 
experiments  in  1993,  1994,  and  1995.  Measurements  in 
CRRELEX  1993  show  that  backscatter  increases  by  8-10 
dB  for  ice  grown  from  3  cm  to  11.2  cm  under  a  constant 
growth  rate  and  quiescent  conditions.  Sea  ice  grown  un¬ 
der  diurnal  thermal  cycling  in  CRRELEX  1994  reveals 
a  strong  correlation  between  backscatter  and  tempera¬ 
ture.  CRRELEX  1995  indicates  that  frost  flower  forma¬ 
tion  causes  a  3-5  dB  enhancement  in  backscatter  over  the 
radar  return  from  the  background  ice  in  this  experiment. 
The  experiments  provide  the  data  base  for  forward  and 
inverse  model  development  and  verification  to  interpret 
sea  ice  remote  sensing  data.  C-band  polarimetric  mea¬ 
surements  were  also  made  to  study  effects  of  ice  warm¬ 
ing,  flooding,  snow  cover,  surface  roughness,  and  brine 
drainage  channels. 
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Figure  1.  CRRELEX  1993  results  for  backscattering  coefficients  <Thh,  o'vv,  and  cr^v  as  functions  of  ice  thickness  at  25®  incident 
angle.  The  symbols  are  for  measured  data  and  curves  for  theoretical  calculations. 
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Figure  2.  CRRELEX  1994  results  show  the  correlation  between  backscatter  at  25®  incidence  angle  and  ice  temperature.  The 
black  circles  are  backscatter  data  for  cr^v  in  dB  and  the  open  circles  are  for  average  temperature  in  ®C  of  the  ice  sheet. 
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Figure  3.  CRRELEX  1995  results  of  avv  for  the  full  frost  flower  formation,  for  flower  ice  crystals  removed,  and  for  bare  ice  with 
all  frost  flowers  removed. 
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Abstract  -  To  improve  the  ability  to  retrieve  geophysical 
properties  using  remote  sensing  sensors  and  model  the 
electromagnetic  properties  of  sea  ice,  an  intensive,  well- 
integrated  multidisciplinary  program  is  sponsored  by  the  Office 
of  Naval  Research  to  study  simulated  and  natural  sea  ice  of  a 
variety  of  forms.  As  part  of  this  effort  we  have  made 
polarimetric  scattering  measurements  over  a  wide  range  of 
micro-  and  millimeter- wave  frequencies  (e.g.  0,5  to  95  GHz)  and 
incidence  angles  (0°  to  70°  with  fine  angle  resolution).  An 
additional  aspect  of  these  measurements  is  that  they  have  been 
made  with  fine  temporal  resolution  to  allow  correlation  with 
small  changes  in  ice  sheet  properties,  in  the  air-ice  interface,  and 
meteorological  properties. 

Results  from  this  work  are  used  to  demonstrate  how 
polarimetric  radar  data  at  a  single  frequency,  or  a  suite  of 
frequencies  may  be  used  to  assess  sea  ice  age,  state,  and 
thickness. 

INTRODUCTION 

The  objective  of  this  program  is  to  improve  the  forward  and 
inverse  scattering  modeling  of  a  complex  dielectric  medium  with 
embedded  scatterers,  i.e.  sea  ice.  This  is  being  accomplished  in 
numerous  ways.  The  electromagnetic  properties  of  sea  ice  are 
characterized  through  the  measurement  of  their  active 
microwave  scattering  properties.  Both  monostatic  and  bistatic 
radar  observations  are  made  in  the  laboratory  and  field.  Based 
on  these  data  and  the  detailed  documentation  of  physical, 
chemical,  and  electrical  properties,  the  identification  and 
quantification  of  the  important  scattering  mechanisms  is  being 
refined.  This  is  important  in  that  this  knowledge  directs  the 
development  and  evaluation  of  the  theoretical  models  by 
insuring  that  these  processes  are  addressed  and  incorporated 
into  the  models.  Since  forward  scattering  models  are  developed 
to  describe  specific  ensemble  of  scattering  processes,  the  above  is 
important  in  determining  which  class  of  sea  ice  form  and 
conditions  a  particular  model  is  most  applicable.  Multiple  case 
studies  are  being  assembled  for  model  testing  and  validation. 
These  case  studies  also  serve  as  a  catalyst  to  stimulate 
interactions  between  the  various  disciplines  so  that  rapid 
progress  may  be  made  in  the  development  and  validation  of 
applicable  scattering  models.  Efforts  are  conducted  to  quantify 
how  much  each  layer  and  volume  contribute  to  the  total 
electromagnetic  signature.  This  effort  is  guided  by  applying 


forward  scattering  models  to  produce  simulations  and 
performing  parameter  studies.  This  effort  provides  additional 
evidence  of  model  robustness  and  utility  in  diagnosing  and 
quantifying  the  various  EM  processes  (e.g.  contribution  of  snow, 
brine  accumulation  at  the  snow-ice  interface,  surface  roughness, 
low  porosity  in  the  upper  ice  layer,  the  sea  water  below  a  thin  ice 
layer,  etc.) 

In  this  paper,  the  transformation  of  open  water  into  young  sea 
ice  30  cm  thick  is  addressed.  Fine  temporal  observations  are 
conducted  over  a  40-hour  period  to  document  the  rapid  changes 
which  take  place  as  the  ice  thickens  to  15  cm.  Periodic 
measurements  are  then  continued  until  an  ice  thickness  of  30  cm 
is  obtained.  Forces  which  influence  the  electromagnetic 
properties  of  ice  are  also  considered.  These  forces  include  solar 
radiation  input,  deposition  of  ice  particles  onto  an  ice  surface, 
and  the  warming-cooling  effects  of  the  ambient  air  mass. 

INSTRUMENTATION  AND  MEASUREMENTS 

Active  microwave  and  millimeter  properties  have  been 
documented  using  an  instrument  called  a  radar  polarimeter.  We 
are  operating  in  six  bands  which  extend  in  frequencies  from  0.5 
to  95  GHz.  Typical  operating  bandwidth  is  less  than  2000  MHz. 
With  this  instrument,  an  array  of  antennas  are  used  to  illuminate 
the  sea  ice  form  under  observations.  The  material  reradiates  a 
scattered  field  which  is  detected  and  compared  with  a  sample  of 
the  original  transmit  signal  in  both  amplitude  and  phase.  This 
operation  if  performed  for  each  orthogonal  transmit  and  receive 
polarization.  Linear  polarization  is  used,  and  a  complex  matrix 
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is  obtained  to  describe  scattering  at  W,  VH,  HV,  and  HH 
polarizations.  The  first  letter  denotes  the  transmit  polarization, 
while  the  second  denotes  the  received  polarization.  The  heart  of 
the  system  is  the  Hewlett-Packard  vector  network  analyzer  (HP- 
8510)  and  a  very  wideband  synthesized  fi'equency  source  (HP- 
8341).  This  sensor  has  two  roles.  The  first  is  to  obtain 
measurements  of  absolute  scattering  intensity  as  a  function  of 
fi'equency,  polarization  and  angle;  the  second  function  is  to 
record  a  data  record  which  will  allow  the  study  of  the 
contribution  of  surface  and  volume  scattering.  This  recording 
allows  the  scattered  field  to  be  associated  with  a  physical 
position  along  an  axis  between  the  radar  transmit  and  receive 
antennas.  Based  on  these  data,  the  location  of  the  source  of  the 
scattering  signals  may  be  determined.  Scattered  signals  may 
originate  fi'om  the  snow  volume,  ice  surface,  ice  interior,  or 
combination  of  these  elements.  An  abbreviated  summary  of 
sensor  parameters  and  measurement  types  is  presented  in  Table 
1, 

OBSERVATIONS  CONDUCTED  IN  SITU 

A  number  of  investigations  have  been  supported  through  this 
program  during  the  period  fi’om  1993-1995.  This  has  included 
work  in  laboratory  outdoor  and  indoor  tanks,  and  in  the  field  at 
two  different  locations  (e.g.  Barrow,  Alaska  and  Resolute  Bay 
N.W.T.).  A  summary  of  the  various  data  sets  which  have  been 
acquired  is  provided  in  Table  2. 

DISCUSSION 

The  coherent  reflectivity  (0°)  is  measured  in  5  frequency 
bands  which  extend  from  0.5  to  35  GHz,  for  small  changes 
in  ice  thickness  from  0  to  5  cm.  Reflectivity  is  inverted  to 
the  magnitude  of  the  dielectric  constant  and  displayed  in 
Figure  2.  Since  backscatter  intensity  is  a  strong  function  of 
the  dielectric  constant  of  the  material  radiated,  knowledge  of 
how  reflectivity  changes  with  ice  form  is  important.  In 
addition,  inverse  methods  to  exploit  reflectivity  observed 


Table  1.  Radar  System  Parameters 


Description 

Monostatic 

Bistatic 

Type 

Swept-Frequency 

Swept-Frequency 

Frequency  Range 

0.4-1, 1-2, 5, 10, 

0.5-12.5  or  1-8 

(GHz) 

35,94 

PtoX 

Frequency  Bands 

P,  L,  C,  X,  W 

75-2.4 

Wavelength  (cm) 

75-30,  30-15, 6, 

HH 

3, 0.9, 0.3 

20°  to  50°  withA5° 

Polarization 

WVHHHHV 

20°  to  50°  with  A5° 

Incidence  Angle 

0°to70° 

90°  &  180° 

Scattered  Angle 

0°to-70° 

range  =  2.5  (field) 

Azimuth  Angle 

0° 

height  =  3  (lab) 

Range (m) 

3.O5/cos(0i™;i) 

over  very  wide  bandwidths  are  under  development.  This 
figure  is  important  in  that  it  illustrates  how  the  effective 
dielectric  constant  of  newly  formed  ice  changes  as  a  function 
of  ice  thickness,  ambient  temperature,  and  solar  conditions. 
It  is  also  important  to  note  that  if  the  ice  is  thinner  than 
about  one  wavelength,  then  the  sea  water  layer  below 
contributes  to  the  effective  dielectric  constant,  reflectivity, 
and  radar  backcatter.  A  documented  temporal  response 
provides  insight  as  to  the  range  of  ice  thickness  values  for 
which  the  radar  signal  is  influenced  by  the  sea  water  below 
and  how  solar  illumination  impacts  the  process  of  ice 
formation  and  backscatter.  When  solar  radiation  is  near  its 
peak,  the  ice  sheet  warms  to  a  point  where  ice  growth  is  shut 
off  for  a  period  of  5  hours,  in  this  case.  Internal  ice  property 
changes  have  also  been  documented.  The  brine  volume 
profile  is  modified  and  results  in  a  change  in  the  bulk 
dielectric  constant  of  the  ice  sheet.  The  bulk  dielectric 
constant  sensed  at  each  frequency  is  different.  The  higher 
the  frequency,  the  thinner  the  layer  of  the  upper  ice  sheet 
layer  which  contributes.  These  modifications  contribute  and, 
at  times,  dominate  the  radar  signature  which  is  responding 
to  changes  associated  with  the  thickening  of  the  ice  sheet. 

CONCLUSIONS 

There  are  several  implications  to  the  above  result.  When 
during  the  day  a  scene  is  observed  may  be  used  to  emphasize 
a  particular  target  attribute.  For  example,  the  signatures  of 
thick  ice  at  night  and  solar  noon  are  very  similar,  and  much 
less  variable  than  those  of  thin  ice.  The  frequency  selection 
may  also  be  used  to  minimize  or  maximize  the  sensitivity  to 
solar  illumination.  To  monitor  the  change  in  ice  thickness 
with  minimal  solar  influence,  a  middle  frequency  will  be 
optimal.  To  monitor  the  intensity  of  solar  radiation  that 
reaches  the  ground,  either  a  very  low  or  high  frequency  is 
optimal. 

Also  from  these  data,  the  effect  of  the  depth  of  penetration 
is  observable  by  examining  the  rate  of  decay  in  dielectric 
magnitude  after  t=0.  Attaining  a  DC  value  below  4  indicates 
that  a  semi-infinite  layer  of  lossy  sea  ice  has  been  attained. 
High  values  indicate  that  the  sea  water  below  is  contributing 
to  the  reflectivity  response,  that  a  surface  brine  layer  has 
formed,  or  that  the  ice  layer  has  warmed. 
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Table  2«  Summary  of  Experiments  Performed  andEmphasis  Noted 


Form 

Experiment 

Evolution 

OW->GY 

Snow  on 

Sea  Ice 

Frost 

Flower 

s 

Rough 

Surfaces 

Special 

Experiments 

Thick  First  Year 

Ice 

CR'93 

Outdoor 

* 

* 

■ 

* 

Horizontal  Variability 

CR'93 

Outdoor 

* 

a°  (Tair) 

CR'94 

Outdoor 

* 

* 

* 

* 

G^(porosity) 

CR'94  Indoor 

* 

G°(porosity,  Tair) 

Barrow’94 

Alaska 

G  .VS.Hgnow 
Transects 

Deformation 

Bistatic 

ERS-1  SAR 

1-2  m  ice 

CR'95 

Outdoor 

Frazil  & 
Waves 

* 

Pancakes 

Bistatic 

CR'95 

Indoor 

Particles  and  Solar 
Radiation 

SIMMS'95 
Resolute  Bay 

G  .VS.Hsnow 
Transects 

Energy  Balance  &  EM 
Signature  Study 
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Seaonal  Sig.& 
Prop.  Study. 
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Fig.  1.  The  coherent  reflectivity  (0°  )  is  measured  in  5  frequency  bands  which  extend  from  0.5  to  35  Ghz  for  small  changes 
in  ice  thickness  from  0  to  5  cm  and  then  inverted  to  dielectric  constant. 
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Abstract— We  developed  an  ultra-wideband  radar  operating 
over  frequencies  from  500  MHz  to  18  Ghz  and  used  it  in 
conjunction  with  a  plane-wave  illuminator  to  perform  radar 
backscatter  measurements  over  pancake,  bare  and  snow- 
covered  saline  ice.  The  ice  was  grown  in  an  outdoor  pond  at 
the  U.S.  Army  Cold  Regions  Research  and  Engineering 
Laboratory,  Hanover,  NH.  Data  were  acquired  over  incidence 
angles  from  0°  to  50°  with  VV  and  HH  polarizations.  Data 
were  also  collected  on  surface  roughness,  snow  properties  and 
ice  structure. 

The  combination  of  wide  bandwidth  and  plane-wave 
illumination  allowed  us  uniquely  to  identify  returns  from  air- 
snow  and  snow-ice  interfaces.  Returns  from  the  snow-ice 
interface  were  about  10  dB  higher  than  those  from  the  snow- 
air  interface.  At  0°  incidence  scattering  from  bare  saline  ice 
varied  little  with  frequency  over  the  frequency  range  from  5 
to  18  GHz,  whereas  scattering  from  pancake  ice  increased 
from  about  16  dB  at  5  GHz  to  27  dB  at  18  GHz.  In  contrast 
scattering  from  snow-covered  ice  decreased  by  about  10  dB 
over  the  same  frequency  range.  For  both  bare  and  snow- 
covered  saline  ice,  the  scattering  coefficient  decreased  by 
more  than  40  dB  with  over  the  angular  region  from  0°  and 
30°.  The  rapid  decay  of  the  scattering  coefficient  is  indicative 
of  the  presence  of  a  coherent  component  near  vertical  and  of 
the  dominance  of  surface  scattering  over  this  angular  region. 

INTRODUCTION 

During  the  1994  and  1995  winter  seasons  we  made  radar 
backscatter  measurements  over  simulated  sea  ice  at  the  U.S. 
Army  Cold  Regions  Research  and  Engineering  Laboratory 
(CRREL),  Hanover,  NH.  The  main  goal  of  our  research  was 
to  determine  primary  scattering  mechanisms  by  measuring 
both  radar  scattering  signatures  over  a  wide  range  of  frequen¬ 
cies  in  conjunction  with  detailed  observations  of  surface  and 
volume  characteristics  of  the  ice  under  study.  The  radar 
measurements  are  a  small  part  of  a  multidisciplinary  investiga¬ 
tion  aimed  at  developing  forward  and  inverse  scattering 
models  for  interpreting  remotely  sensed  data  in  terms  of  the 
geophysical  parameters  of  sea  ice  [1]. 

We  used  an  ultra-wideband  radar  consisting  of  an  antenna 
operated  in  the  near  field  to  simulate  plane  waves  to  collect 
the  backscatter  data  reported  here.  We  used  the  concept  of  a 


compact  antenna  range  to  simulate  plane  waves  [2].  We 
acquired  radar  data  on  smooth  bare  and  snow-covered  saline 
ice,  and  pancake  ice.  Contemporaneous  measurements  were 
made  of  surface  roughness,  salinity,  temperature  and  internal 
structure  of  the  ice  as  well  as  measurements  of  snow  includ¬ 
ing  thickness,  grain  size  and  density.  We  collected  data  over 
the  frequency  range  from  500  MHz  to  18  GHz  and  incidence 
angles  from  0°  to  50°  with  both  VV  and  HH  polarizations. 

The  results  from  our  experiments  show  that  scattering  from 
bare  saline  ice  is  dominated  by  surface  scatter  at  frequencies 
less  than  about  10  GHz  and  incidence  angles  less  than  30°. 
We  also  observed  that  scattering  from  snow-covered  saline  ice 
is  about  3  dB  higher  than  that  for  bare  saline  ice  at  30°  at  5 
GHz. 

In  this  paper  we  provide  a  brief  summary  of  the  system 
used  for  data  collection,  the  experiments  and  their  results,  and 
the  conclusions  based  on  these  results. 

SYSTEM  AND  EXPERIMENT  DESCRIPTION 

To  accomplish  our  objective  of  identifying  the  primary 
scattering  mechanisms,  we  needed  a  system  with  fine-range 
resolution  to  resolve  signals  from  different  depths  of  ice  and 
provide  exceptional  angular  resolution  to  estimate  accurately 
the  scattering  response.  We  developed  an  ultra-wideband 
radar  using  an  HP  8722C  Vector  Network  Analyzer  operated 
as  a  step-frequency  radar  and  used  a  42-inch  offset  parabola 
operated  in  the  near  field  to  simulate  plane  waves. 

During  the  1994  experiments  we  used  a  broadband  (2  to  18 
GHz)  TEM  horn  as  the  feed  and  optimized  its  location  to 
obtain  plane-wave  illumination  at  about  six  feet  from  the 
reflector.  During  1995,  we  employed  a  bow-tie  strip-slot  line 
feed  capable  of  operation  over  the  frequencies  between  500 
MHz  and  1 8  GHz.  Nominally  we  operated  the  radar  over  a 
bandwidth  of  16  GHz  with  a  step  size  of  10  MHz.  We  cali¬ 
brated  the  radar  at  the  end  of  each  data  run  with  an  8-inch 
metal  sphere. 

In  1994  we  collected  radar  data  on  bare  saline  ice  and 
snow-covered  saline  ice  with  snow  thickness  of  about  7  cm  at 
incidence  angles  between  0°  and  30°  with  VV  polarization. 
During  1995,  we  collected  data  on  bare  saline  ice  and  pancake 
ice  over  incidence  angles  between  0°  and  50°  with  VV  and 
HH  polarizations.  Pancake  ice  was  simulated  by  using  a 
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motor-driven  paddle  to  produce  wave  action  in  an  outdoor 
pond  as  frazil  ice  formation  commenced.  We  also  acquired 
data  at  0°  to  obtain  probability  density  functions  by  collecting 
more  than  100  independent  samples  for  separating  coherent 
and  incoherent  scattering  terms. 

SIGNAL  PROCESSING  AND  RESULTS 

Frequency-domain  data  collected  with  the  vector  network 
analyzer  are  windowed  and  Fourier  transformed  to  obtain 
time-domain  or  range-domain  representation  of  the  signal. 
Next  this  signal  is  range-gated  to  isolate  ice  returns  from 
clutter  and  integrated  over  the  illuminated  area  to  compute 
total  power  return.  Since  the  measurements  were  made  using 
plane  waves,  the  fields  do  not  decay  as  a  function  of  range. 
The  scattering  coefficient  is  determined  from  the  power  return 
as 

qO  =  — where 

Pj.  =  power  return  from  the  ice 

Pj.  =  power  return  from  the  calibration  target 

Ajij  =  illuminated  area 

=  radar  cross  section  of  the  calibration  target 
=  scattering  coefficient 

Fig.  1  shows  power  return  as  a  function  of  range  for  snow- 
covered  saline  ice  at  0°.  The  first  small  peak  at  about  2  m  is 
the  signal  reflected  by  the  snow-air  interface  and  the  second 
peak  at  about  2.1  m  is  from  the  snow-ice  interface.  The 
return  from  the  snow-ice  interface  is  about  seven  times  larger 
than  that  from  the  snow-air  interface.  The  higher  return  is  the 
result  of  higher  dielectric  discontinuity  at  the  snow- ice 
interface.  Using  a  resonant  monopole  antenna  we  measured 
the  real  part  of  the  dielectric  constant  of  snow  and  ice  as  3.5 
and  1.17,  respectively.  The  corresponding  reflection  coeffi¬ 
cients  for  snow-ice  and  snow-air  interfaces  are  0.266  and 
0.0406.  The  range  plot  also  shows  the  exceptional  range 
resolution  capability  of  our  radar. 

Figs.  2a  and  2b  show  the  angular  response  of  the  scattering 
coefficients  for  bare  and  snow-covered  saline  ice  and  pancake 
ice  at  C  and  Ku  bands.  For  bare  and  snow-covered  saline  ice 
the  scattering  coefficient  decreased  by  more  than  40  dB  when 
the  incidence  angle  increased  from  0®  to  30®.  The  scattering 
coefficient  decay  with  the  incidence  angle  between  30®  and 
55®  is  fairly  small  because  of  the  presence  of  volume  scatter¬ 
ing.  At  large  incidence  angles  scattering  from  pancake  ice  is 
about  10  dB  higher  than  that  for  bare  ice. 

Fig.  3  shows  that  for  VV  polarization  at  5.5  GHz  is  a 
function  of  incidence  angle  along  with  showing  comparison 
data  from  field  measurements  made  during  the  International 


Arctic  Ocean  Experiment  (lAOE)  for  pancake  ice.  The  back- 
scatter  measurements  were  on  pancake  ice  growing  in  leads 
during  the  transit  phase  of  lAOE.  The  average  cP  from  the 
lAOE  data,  along  with  maximum  and  minimum  measurements 
(as  extended  bars),  are  shown  in  here.  The  average  scattering 
for  simulated  pancake  ice  is  about  5  dB  lower  than  that  ob¬ 
served  during  lAOE.  The  lower  scattering  may  be  the  result 
of  the  formation  of  elongated  pancakes  in  the  laboratory 
because  of  less  vigorous  wave  action. 


CRREL  94  -  Return  from  Snow-Covered  Ice  (W  poi.) 


Fig.  1  Return  from  snow-covered  ice  at  0®. 

Fig.  4  shows  the  frequency  response  of  scattering  from  bare 
and  snow-covered  saline  ice  and  pancake  ice  at  20®.  The 
scattering  coefficient  generally  increased  with  frequency  for 
the  three  ice  types  with  the  increase  being  much  higher  for 
pancake  ice.  The  slight  decrease  of  scattering  coefficient  for 
bare  and  snow-covered  ice  at  frequencies  between  14  and  18 
GHz  is  an  artifact  associated  with  filtering  of  data  and  antenna 
feed.  Although  we  corrected  for  the  droop  introduced  by  the 
filter  used  for  range  gating,  its  effect  cannot  completely  be 
eliminated. 

CONCLUSIONS 

The  use  of  plane-wave  illumination  and  wide  bandwidth 
allowed  us  to  determine  experimentally  the  relative  contribu¬ 
tions  to  the  backscattered  signal  and  the  scattering  response  of 
smooth  surfaces.  The  results  from  our  experiments  indicate 
that  the  backscattered  signal  from  saline  ice  is  dominated  by 
contributions  from  the  ice  surface  at  frequencies  less  than 
about  10  Ghz  at  incidence  angles  less  than  30®. 
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Backscattering  Coefficient  (dB)  Backscattering  Coefficient  (dB) 


Incidence  Angle  (degrees) 


Fig.  3  Comparison  between  field  and  laboratory  measurement 


Angular  response  of  Bare,  Snow  cover  and  Pancake  ice  @  Ku*band  of  pancake  ice. 


Frequency  (GHz) 


Fig.  2  Angularresponsesofbare,  snow-covered,  and  pancake  Fig.  4  Frequency  response  of  bare,  snow-covered,  and 
ice  at  (a)  C  band  and  (b)  Ku  band.  pancake  ice  at  20°. 
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INTRODUCTION 


The  goals  of  this  study  are  to  observe  the  development  of 
multifreqency  microwave  emissivity  (e)  of  new  and  young 
sea  ice  grown  under  dynamic  conditions,  and  to  investigate 
the  effects  of  ice  growth  and  structural  changes  on  its 
microwave  signature.  In  particular,  we  are  interested  in 
three  ice  types,  whose  signatures  are  particularly  difficult  to 
investigate  under  normal  field  conditions. 

Unconsolidated  frazil  ice  and  pancake  ice,  which  occur 
when  ice  forms  in  a  wave  field  under  stormy  conditions,  are 
found  in  abundance  in  the  marginal  ice  zones  of  the  Arctic 
and  Antarctic  sea  ice  packs.  They  make  up  a  significant 
portion  of  the  area  covered  by  the  new  and  young  ice. 

Because  new  and  young  ice  types  are  weaker  than  the 
surrounding  thick  ice  and  fracture  first  under  conditions  of 
high  ice  stress,  a  large  percentage  of  the  ridged  ice  consists 
of  thin  saline  ice.  As  the  ridges  evolve,  brine  drains  out  of 
the  elevated  parts  causing  substantial  changes  in  the 
permittivity  distribution  which  can  affect  their  microwave 
emissivities. 

Previous  studies  [1,2, 3, 4]  have  shown  that  the  microwave 
signatures  of  these  ice  types  appear  to  be  distinct  in  several 
respects,  but  the  data  from  these  experiments  are  sparse  and 
the  uncertainties  are  still  relatively  large.  The  differences 
between  the  microwave  signatures  of  these  ice  types  and 
those  of  first-year  (FY)  ice  types  grown  under  relatively  calm 
conditions  are  important  for  interpreting  satellite  derived  ice 
concentrations  and  ice  type  distributions.  In  this  paper  we 
present  the  results  of  our  latest  studies  of  the  microwave 
emissivities  of  these  ice  types. 

OBSERVATIONS 

We  carried  out  a  series  of  surface-based  multifrequency 
(6.7,10,18.7,37,  and  90  GHz)  passive  microwave  and  ther¬ 
mal  infrared  (8-14|im)  observations  of  frazil  and  pancake 
ice,  0-6  cm  in  thickness  during  January  1995  at  the  CRREL 
Geophysical  Research  Facility. 

A  sheet  of  young  congelation  was  prepared  in  advance  of 
the  experiment  to  produce  the  proper  environment  for  the 
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pancake  ice  production.  This  ice  was  removed  and  was  used 
to  construct  a  simulated  pressure  ridge  for  subsequent  study. 
Frazil  and  pancake  ice  growth  was  then  initiated  by  creating 
a  wave  field  using  an  oscillating  paddle  placed  at  one  end  of 
the  pond.  Ice  growth  continued  for  about  1 1  hours  by  which 
time  pancakes  had  formed  and  began  to  evolve.  After  the 

wave  field  was  stopped,  the  ice  was  cooled  and  the  pancakes 
allowed  to  freeze  solid  onto  a  consolidated  sheet.  The  ice 
thickness  (Zjce)  versus  time  is  shown  in  Fig.  1. 

Measurements  at  vertical  and  horizontal  polarization  (V- 
Pol  and  H-Pol)  were  made  at  the  5  microwave  frequencies 
listed  above.  The  infrared  (IR)  data  were  unpolarized.  The 
development  of  the  H-Pol  brightness  temperatures  (Tb)  is 
shown  in  Fig.  2  together  with  the  surface  and  ambient  air 
temperatures.  During  pancake  growth,  Tb  values  generally 
increased  with  ice  growth,  and  at  each  thickness  the  values 
were  greater  for  higher  frequencies  primarily  due  to  the 
decrease  in  the  real  part  of  the  permittivity  with  frequency. 
Near  the  end  of  the  growth  sequence,  the  ice  compacted 
somewhat,  and  the  surface  experienced  a  flooding  event 
resulting  in  a  decrease  in  Zjce  and  Tb. 

Representative  emissivity  spectra  during  various  stages  of 
the  pancake  growth  are  shown  in  Fig.  3.  The  ice  growth  was 
accompanied  by  a  steady  decrease  in  polarization  ratio  (PR) 
typical  of  new  and  young  ice,  consistent  with  our  previous 


Tim  e(hours) 

Fig.  1  Ice  thickness  versus  time  for  the  pancake  growth.  The 
solid  line  is  a  quadratic  regression  (r^  =  0.86).  The  results 
for  the  consolidated  pancakes  were  actually  measured  about 
260  hours  later  but  are  plotted  at  23  hours  for  convenience. 
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observations  of  pancake  growth  [1].  The  spectral  gradient 
(expressed  by  GR)  also  decreased  with  growth,  most  of  the 
change  occurred  during  the  consolidation  phase. 


Fig  2.  Brightness  temperature  for  the  indicated  frequencies, 
surface  and  air  temperature  versus  ice  thickness.  Nadir 
angle  =  50°. 

Measurements  of  the  young  pressure  ridge  were  carried 
out  before  and  after  a  warming  event  accompanied  by 
rainfall.  This  made  it  possible  to  compare  cases  that  closely 
represented  a  newly  formed  pressure  ridge  and  a  ridge  that 
had  undergone  considerable  brine  drainage,  meter  scale 


structural  alteration  and  crystal  metamorphism.  The  spectra, 
shown  in  Fig.  4,  indicate  a  decrease  in  GR  after  the  melt/ 
freeze  event  due  to  increased  volume  scattering  in  the  ice. 

DISCUSSION 

Fig.  5  shows  a  plot  of  e(18.7V)  versus  e(37V).  The 
development  very  nearly  along  a  direct  line  connecting  the 
open  water  (OW)  and  first-year  (FY)  ice  regions  is  quite 
different  from  the  development  of  congelation  ice  [5]  and 
suggests  a  gradual  decrease  in  the  amount  of  liquid  water  on 
the  surface.  The  PR-GR  plot  (Fig. 6)  shows  similar  behavior 
except  that  the  end  point  is  at  a  value  of  approximately 
(0.1, 0.0)  where  bare  young  ice  has  been  observed  [1,3]. 

The  signature  evolution  of  the  pancake  ice  produced  in 
1995  was  quite  similar  to  the  1990  results.  It  showed 
significant  differences  from  that  of  congelation  ice  but 
stabilized  by  the  end  of  pancake  growth  at  about  the  same 
emissivity  and  GR-PR  values  as  young  congelation  ice. 

While  development  of  the  signature  of  congelation  ice  can 
be  characterized  by  progressive  saturation  from  higher  to 
lower  frequencies  representative  of  a  distinct  thickening 
sheet  followed  by  modification  of  the  surface  properties  due 
to  natural  desalination  [e.g.  3,  4],  the  evolution  of  the 
signature  of  unconsolidated  frazil  and  pancake  ice  is  more 
nearly  characterized  by  a  linear  mixture  of  ice  and  liquid 
water  with  the  ice  concentration  rising  smoothly. 

The  values  for  pressure  ridges  have  V-Pol  emissivities  that 
are  essentially  the  same  as  those  of  FY  ice,  but  the  ridges 


Fig.  3  Emissivity  spectra  for  various  stages  during  the  growth  of  pancake  ice.  The  nadir  angle  was  50°.  The  thermal  infrared 
values  are  unpolarized  and  are  plotted  at  100  GHz. 
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show  H-Pol  values  that  are  nearly  equal  to  the  V-Pol  values 
so  that  the  PR  values  are  very  small.  Thus,  to  detect  ridge 
signatures  dual  polarization  data  are  needed.  The  IR 
emissivities  obtained  together  with  the  microwave  obser¬ 
vations  are  shown  in  Figs.  4  and  5.  For  convenience  they 
are  plotted  at  100  GHz.  The  values  obtained  ranged  between 
0.99  for  open  water/new  ice  to  0.999  for  the  frazil,  pancake 
and  ridged  ice.  The  error  made  in  interpreting  the  surface 
skin  temperature  assuming  unit  emissivity  is  therefore  less 
than  3K. 


Fig.  4  Emissivity  spectra  at  a  nadir  angle  of  50°  for  the 
simulated  pressure  ridge  just  after  formation  and  after  a 
prolonged  melt-freeze  event. 


Fig.  5  18.7  vs.  37  GHz  scatter  plot  for  the  pancake  and 
ridge  observations.  The  ridge  points  are  connected  by  a  line 
and  the  SSM/I  line  is  from  satellite  data  (adapted  from  [6]). 
Nadir  angle  =  50°. 


Fig.  6  PR-GR  scatter  plot  for  the  pancake  observations  from 
1995  (solid  line)  and  from  the  1990  experiment  (dotted  line) 
[1].  Observations  of  the  presure  ridges  are  shown  as  open 
boxes. 
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Abstract--A  dense  medium  scattering  model  based  on  the 
standard  radiative  transfer  formulation  but  with  a  scattering 
phase  function  for  a  group  of  scatterers  as  opposed  to  the 
conventional  single  scatterer  phase  function  is  developed  to 
account  for  volume  scattering  from  saline  ice.  Surface 
scattering  due  to  air-ice  and  ice- water  boundary  is  accounted 
for  using  the  lEM  surface  scattering  model.  To  avoid  the 
coherent  scattering  effect  only  off  nadir  measurements  are 
considered.  Experimental  measurements  at  CRREL  during  ice 
growth  indicates  that  due  possibly  to  some  roughness  of  the 
bottom  ice  surface  at  the  ice-water  interface,  backscattering 
from  thin  ice  (less  than  2  cm)  is  above  -17  dB  at  20  degrees 
incidence  and  5.3  GHz.  As  ice  grows  in  thickness  towards  8 
cm,  backscattering  between  20  to  40  degrees  decreases  with 
thickness  to  about  -26  dB  to  -32  dB  respectively.  The  purpose 
of  this  study  is  to  investigate  the  cause  of  this  decrease  by 
examining  the  relative  contributions  from  the  ice  volume  and 
the  two  boundary  surfaces.  Preliminary  study  indicates  that 
for  thin  ice  the  contribution  of  water  under  the  ice  sheet  in  the 
form  of  producing  an  effective  impedance  at  the  air-ice 
interface  is  the  dominating  factor.  Reflectivity  measurements 
confirm  this  idea.  When  the  effective  dielectric  constant  is 
used  in  the  computation  of  backscattering  from  the  air-ice 
interface,  good  agreement  is  obtained  between  model 
predictions  and  backscattering  measurements.  Results 
indicate  that  volume  scattering  is  not  a  factor  in  this  study. 


number  density  for  Gaussian  correlated  scatterers.  We  assume 
that  the  scatterers  originally  were  positioned  on  a  lattice 
structure  with  an  average  spacing  of  d  and  then  they  were 
randomly  displaced  from  their  central  positions  with  a 
variance  of  and  a  correlation  distance  of  L. 


BACKSCATTERING  MODEL 

The  backscattering  model  follows  the  standard  radiative 
transfer  formulation  as  given  in  [1].  It  has  the  form, 

COS0  ^  =  -k^7  +  |p7  where  P  =  (1) 


We  want  to  generalize  Hq  from  a  constant  to  a  function 
depending  on  the  correlation  properties  of  the  random 
positions  of  the  scatterers.  This  effective  number  density 
was  given  in  [2]  as 
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INTRODUCTION 

The  problem  under  consideration  is  backscattering  from  a 
salinated  ice  layer  above  salted  water.  This  layer  is  increasing 
in  thickness  as  a  function  of  time  and  backscattering, 
reflectivity  and  ice  thickness  measurements  were  taken  at  time 
intervals.  Since  the  ice  layer  is  an  inhomogeneous  dense 
medium  with  irregular  boundaries  we  use  a  scattering  model 
which  accounts  for  boundary  surface  roughness  and  the 
inhomogeneities.  Note  that  the  classical  radiative  transfer 
formulation  is  for  sparse  media  and  the  phase  function  is  the 
product  between  the  average  of  the  magnitude  squared  of  the 
scattering  amplitude  <  l5p>  of  a  single  scatterer  multiplied  by 
the  number  density  Hq  [1].  This  definition  of  the  phase 
function  is  applicable  to  sparse  media  where  independent 
scattering  occurs.  For  the  current  problem  the  scatterers  may 
scatter  as  a  group  in  some  correlated  manner  rather  than 
independently.  For  this  reason  we  shall  give  an  effective 
0-7803-3068-4/96$5.00©1996  IEEE 
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With  this  effective  number  density  we  can  form  a  phase 
function  using  the  Rayleigh  scattering  amplitude.  A  summary 
of  a  simplified  surface- volume  scattering  model  may  be  found 
in  Chapter  2  of  [3].  A  brief  account  of  this  model  is  given 
below. 


We  approximate  the  total  backscattering  from  an 
inhomogeneous  irregular  layer  as  the  sum  of  scattering  from 
the  top  surface  defined  by  (4),  volume  scattering  from  the 
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inhomogeneous  layer  given  by  (5),  bottom  surface  scattering 
with  layer  attenuation  given  by  (6)  and  volume  scattering 
interacting  with  bottom  layer  given  by  (7)  as  follows: 


ajp  =  47ccose[/^(e)//'p] 


=  yexp(-2fc^o^)  £ 

n  =  1 


I  ,2WM(-2k^,0) 

\‘pp\  n\ 


(4) 


where  =  kcosQ  ,  =  /:sin6  ,  and  pp  =  w  or  hh , 

iIp  =  (ik^affppCxpi-ky) 

2 


and  the  symbol  W^^\-2k^,  0)  is  the  Fourier  transform  of  the 
nth  power  of  the  surface  correlation  coefficient.  Other 
symbols  are  given  in  Appendix  2A  of  reference  3.  The  volume 
scattering  term  from  the  layer  is 

alpp  =  0.5(k/k^)T,^T„cosQ 

[1  -exp(-2K^^i/cos0,)]P^^(cos0^, -COS0,;  7i)  (6) 

where  k/k^  is  the  albedo;  is  the  phase  function;  K^d  is 
the  optical  depth  of  the  layer;  0  and  0^  are  the  angles  of 
incidence  and  transmission  from  the  medium  above  into  the 
layer  and  T^j  is  the  transmissivity  from  medium  j  to  i.  The 
term  representing  scattering  from  the  bottom  boundary 
surface  attenuated  by  the  layer  may  be  approximated  as 

=  coser„(0,  e,)r„(e,,  e)sec0, 

exp(-2K,d/cos0,)0jp(0,)  (7) 

where  Opp(0,)  has  the  same  form  as  (4).  It  is  the  surface 
scattering  coefficient  for  the  lower  boundary  evaluated  using 
parameters  of  the  layer  medium.The  term  representing 
interaction  between  layer  inhomogeneities  and  the  lower 
boundary  is  given  by 

=  (4jtCOS0/^)//o  =  COS0r„^/f(K/K^) 

-H,.  <t',  -  <f>,)  +  Ppp(ll,.  P,.  <1>,  -  <l>,)] 
(K//cos0,)exp(-2K^^//^l,)  (8) 

where  R  is  the  reflectivity  at  the  bottom  boundary; 

=  COS0^  ,  \i-  =  COS0  . 

In  the  above  relations  Oj,  02  are  the  rms  heights  of  the  top  and 
bottom  boundaries. 


MODEL  APPLICATIONS 

The  model  described  above  is  a  first-order  model  in  the  sense 
that  the  interaction  between  the  layer  boundaries  is  limited  to 
the  first-order.  If  we  apply  the  model  as  it  is,  we  shall  be 
applying  a  first-order  model  to  do  the  analysis.  We  shall  refer 
to  this  as  the  first-order  model  approach.  Another  way  to  use 
the  model  when  the  overall  reflectivity  is  available  or  the 
effective  dielectric  constant  at  the  air-ice  interface  including 
the  combined  effect  of  ice  and  water  is  calculated  or  measured 
is  to  use  only  (4)  and  (6)  and  in  (4)  we  use  the  effective 
dielectric  constant  to  calculate  the  discontinuity  across  the  air- 
ice  boundary.  The  effect  of  layer  thickness  is  included  in  the 
effective  dielectric  constant  calculation  or  measurement.  We 
shall  refer  to  this  as  the  effective  dielectric  approach. 

COMPARISONS  WITH  MEASUREMENTS 

In  Figure  1  we  show  comparisons  between  the  first-order 
model  described  in  the  last  section  and  backscattering 
measurements  from  a  saline  ice  layer  at  5.3  GHz  and  40 
degree  incidence.  The  saline  ice  permittivity  ,  surface 
roughness  parameters  and  its  correlation  function  have  been 
estimated  to  be  3.4-j0.2,  a  rms  height  of  Gj  =  0.05  cm,  a 
correlation  length  of  Lj  =  0.7  cm  and  an  exponential 
correlation  function  respectively.  As  an  inhomogeneous 
medium  saline  ice  has  a  very  low  albedo  because  of  its  high 
salinity.  We  use  an  albedo  of  0,0012  The  corresponding  lower 
boundary  parameters  are  02  =  0.053  cm  and  L2  =  0,7  cm. 
The  dielectric  value  for  water  is  calculated  from  Stogryn’s 
formula  and  is  51.3  -j  43,7.  Results  from  Figure  1  show  that 
(a)  better  agreement  occurs  at  larger  depth,  if  volume 
scattering  is  smaller  and  (b)  the  agreement  is  not  good  at 
smaller  depths.  Hence,  this  first-order  result  is  not 
satisfactory. 


Backscattering  Coefficient 


-  Vvv 
--Vhh 
Svv 
— Shh 
— W 
— HH 
A  Dav 
■  Dah 


Depth  (cm) 

Figure  1  Comparison  with  measurements  using  the  first- 
order  backscattering  model. 
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In  Figure  2  we  show  another  comparison  using  the  effective 
dielectric  model  with  the  same  data  set.  The  concept  used  is 
impedance  transformation  in  a  multiple  interface  problem. 
Through  measurements  of  reflectivity  the  multiple  interface 
effect  can  be  replaced  by  an  effective  impedance  or  dielectric 
constant  seen  by  the  incident  wave  at  the  first  interface.  As  a 
result  the  problem  is  reduced  to  a  single  interface  problem.  In 
this  study  measurements  of  reflectivity  have  been  taken  as  the 
ice  layer  reaches  different  depths.  Since  the  ice  layer  is  fairly 
smooth,  there  is  some  coherent  effect  resulting  in  some 
oscillation  of  the  transformed  impedance  with  depth,  and, 
hence,  some  variation  in  the  effective  dielectric  constant.  The 
table  below  shows  the  measured  and  predicted  values  of  the 
dielectric  constants.  It  is  clear  that  when  the  ice  sheet  is  thick 
enough  to  fully  attenuate  any  return  from  the  water-ice 
interface,  the  reflectivity  measured  should  be  equal  to  that 
from  ice  alone.  In  this  case  the  dielectric  constant  will  also  be 
that  of  the  ice,i.e.,  around  3.4-j0.2. 


1  2  3  4  5  6  7 
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Table  1 :  Measured  and  Predicted  Dielectric 
Constant  Magnitudes 


Observation 

Thickness 

Em 

hh 

1 

0 

73 

73 

2 

0.1 

43,7 

3 

0.3 

37.9 

4 

0.8 

55.4 

10.1 

5 

2.0 

31.1 

6.8 

6 

4.0 

7.1 

5.3 

7 

7.1 

5.5 

4.2 

Figure  2  Comparison  of  data  with  model  using  the  effective 
dielectric  constant. 


CONCLUSIONS 

The  measured  data  illustrate  that  the  saline  water  below  the  ice 
sheet  contributes  to  the  backscatter  and  reflectivity  response 
for  thin  ice  forms  at  moderate  wavelength.  Sensing  a 
composite  of  ice  and  saline  water  results  in  backscatter  and 
reflectivity  levels  higher  than  that  predicted  for  the  ice  sheet 
alone,  because  the  combined  dielectric  constant  of  ice  and 
water  is  larger  than  ice.  This  much  larger  dielectric  constant 
leads  to  a  large  polarization  difference  between  VV  and  HH 
when  the  ice  is  very  thin.  It  is  clear  that  when  ice  is  very  thin, 
the  incident  wave  sees  essentially  water  and  the  converse  must 
be  true  when  ice  sheet  is  very  thick. 


The  use  of  the  measured  values  of  the  effective  dielectric 
constant  results  in  curves  shown  in  Figure  2  based  on 
Oj  =  0.075  cm  and  Lj  =  0.7  cm.  Albedo  is  set  equal  to 
0.0002.  Much  better  agreement  with  measurements  are  seen. 
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ABSTRACT 

The  inversion  of  coherent  reflection  data  from  lossy  media 
in  which  waves  are  governed  by  the  Helmholtz  equation 
is  problematic  both  mathematically  and  practically.  Con¬ 
ventional  layer  stripping  methods  applied  to  this  nonlin¬ 
ear  inverse  problem  are  unstable  even  in  the  lossless  case, 
and  instability  is  accentuated  in  the  lossy  case.  We  have 
recently  stabilized  layer  stripping  in  the  lossless  case  by 
enforcing  causality  with  a  nonlinear  analog  to  the  Hilbert 
transform.  The  analysis  in  this  work  has  led  to  a  non¬ 
linear  analog  to  the  Payley- Wiener  theorem  in  classical 
Fourier  analysis.  The  classical  theorem  relates  the  width 
of  the  region  of  analyticity  in  the  (complex)  frequency  (or 
wavenumber)  domain  to  width  in  the  (real)  time  (or  spa¬ 
tial)  domain.  The  nonlinear  analog  of  this  theorem,  ap¬ 
plied  to  reflection  data,  yields  the  thickness  of  the  reflect¬ 
ing  layer,  albeit  in  a  depth  coordinate  scaled  by  the  travel 
time  through  the  layer.  We  show  by  simulation  that  this 
method  produces  accurate  thickness  estimates  even  when 
applied  to  reflection  from  moderately  lossy  media.  Appli¬ 
cation  of  this  method  to  wideband,  vertical  incidence,  mi¬ 
crowave  reflection  data  for  sea  ice,  together  with  a  “guess’^ 
for  the  average  permittivity  of  the  ice,  yields  an  estimate 
of  the  sea  ice  thickness.  We  show  via  simulation  that  the 
thickness  estimate  is  not  very  sensitive  to  the  guess  for 
average  permittivity  -  the  entire  range  of  plausible  values 
leads  to  a  variation  in  thickness  estimates  of  only  about 
10%. 

1.  INTRODUCTION 

Thin  Arctic  sea  ice  exerts  an  influence  on  the  ocean  and 
atmosphere  far  out  of  proportion  to  its  area  on  the  Earth’s 
surface,  because  of  its  dominant  influence  on  the  heat  bal¬ 
ance  of  the  Arctic  during  winter  [1].  (“Thin”  sea  ice  typ¬ 
ically  refers  to  ice  less  than  about  70  cm  in  thickness.) 
The  location  and  distribution  of  such  sea  ice  is  also  im¬ 
portant  in  determining  the  cost  and  difflculty  of  various 
0-7803-3068-4/96$5.00©1996  IEEE 


surface  and  subsurface  operations  in  the  Arctic  basin  and 
many  coastal  waters.  Thus  the  remote  estimation  of  sea 
ice  thickness  has  long  been  a  goal. 

Existing  microwave  remote  sensing  methods  for  esti¬ 
mating  sea  ice  thickness  rely  on  the  observation  of  pro¬ 
cesses  at  the  upper  surface  of  the  ice  (either  the  air/ice  or 
snow/ice  interface),  which  are  hoped  to  serve  as  reliable 
proxies  for  ice  thickness  via  one  physical  link  or  another. 
Increasing  understanding  of  such  links,  however,  shows 
them  to  be  tenuous.  For  example,  the  development  of 
frost  flowers  and  rough  slush  on  new  ice  surfaces,  which 
is  visible  in  backscatter  at  5.3  GHz,  fails  to  occur  under 
some  conditions  of  ice  growth;  thus  there  is  no  one-to-one 
relation  between  backscattered  intensity,  or  even  a  given 
history  of  backscattered  intensity,  and  new  ice  thickness. 
A  method  of  sea  ice  estimation  based  on  a  direct  signature 
response  to  ice  thickness  itself  is  therefore  highly  desirable. 

We  present  here  the  first  steps  toward  such  a  method 
based  on  observations  of  coherent,  wide-band,  microwave 
reflectivity  observations  at  nadir.  The  method  arose  in 
the  course  of  devising  a  new  layer  stripping  method  for 
the  Helmholtz  equation  made  stable  by  enforcement  of 
causality  [2].  but  the  method  itself  forgoes  layer  strip¬ 
ping  and  produces  a  direct  estimate  of  reflecting  layer  (in 
this  case,  sea  ice)  thickness  in  units  related  to  travel  time. 
This  travel  time  thickness  must  be  converted  to  physical 
depth  using  an  estimate  of  a  depth- aver  aged  refractive  in¬ 
dex  supplied  independently.  In  the  following  section,  we 
present  an  overview  of  the  derivation  of  the  travel  time 
thickness  estimate  in  the  special  case  when  the  material 
in  the  reflecting  layer  is  lossless  and  there  are  no  discon¬ 
tinuities  in  refractive  index  at  the  top  or  bottom  of  the 
layer.  These  idealizations  obviously  do  not  hold  in  the 
case  sea  ice,  but  section  3  shows  that  the  formula  derived 
in  section  2  nonetheless  yields  accurate  estimates  of  layer 
thickness  when  applied  to  synthetic  data  from  a  realistic, 
lossy  model  for  sea  ice.  Moreover,  the  conversion  from 
travel  time  to  physical  thickness  is  rather  insensitive  to 
the  accuracy  of  a  guess  for  the  depth-averaged  refractive 
index.  Hence  even  a  rough  guess  provides  physical  thick¬ 
ness  estimates  with  accuracies  of  about  10%. 


2.  A  PAYLEY-WIENER  THEOREM  FOR 
INVERSE  SCATTERING 

Consider  a  continuously  stratified,  non-magnetic  dielec¬ 
tric  layer  sandwiched  between  free  space  (above)  and  a 
homogeneous  dielectric  beneath,  with  a  plane  wave  of  fre¬ 
quency  uj  vertically  incident  from  above.  Assume  for  now 
that  the  dielectric  is  lossless  and  that  there  is  no  discon¬ 
tinuity  in  permittivity  at  the  top  or  bottom  of  the  layer. 
Electromagnetic  wave  propagation  is  governed  by  the  one¬ 
dimensional  Helmholtz  equation: 
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— +w^n^(2/)M  =  0  (1) 

dy^ 

which  we  transform  into  travel  time  coordinates  by  intro¬ 
ducing  the  new  independent  variable 

fV 

n{s)ds. 

Jo 

Equation  (1)  becomes,  with  '  =  ^  and 

w"  -f-  a{x)u^  +  LO^u  =  0  (2) 

We  consider  the  unique  solution  to  (2)  which  has  the 
asymptotics 

— iujx 

x^LO)  ^  e 

a,s  X  ~oo.  We  assume  that  n(a!)  varies  only  for  x  <  0 
and  n  “  1  for  ar  >  0,  hence  a  ^  0  for  a;  >  0  and,  for  x  >  0, 
u  has  the  representation 

u{x,w)  =  ^  +  R(w)e^‘^^)  (3) 

1  [OJ) 

The  formula  3  defines  the  reflection  coefficient,  R{uj), 
For  a:  <  0,  3  is  not  available;  however,  if  we  notice  that 


ij(w)  = 


1  + 
1- 


u^(0,aj) 

iaiw(0,a^) 


(4) 


then  we  may  define  the  reflection  coefficient  for  a:  <  0, 

by 


r{x,  uj) 


1  _L 

'  iu)u{XyU}) 

1  _  ’ 

iu)u{x^u}) 


It  turns  out  that  r{x^u})  satisfies  —  see  [2]  — 


(5) 


r'  =  2iu)r  +  ^(1  —  r^) 

r(— oOjCj)  —  0  (6) 

r(0,C(;)  =  R[u)). 

This  over-posed  Ricatti  boundary  value  problem  is  uti¬ 
lized  to  produce  a  stable  layer  stripping  algorithm  in  [2]. 
The  term  in  (6)  includes  the  effects  of  multiple  reflec¬ 
tions  in  the  model.  If  we  were  to  drop  this  term  (we 
won’t),  we  would  be  considering  a  system  with  only  pri¬ 
mary  reflections. 

For  a  system  with  only  primary  reflections  it  is  easy 
to  locate  the  top  and  the  bottom  of  the  variations  in  the 
medium.  Above  the  top,  the  index  of  refraction  is  constant 
and  equal  to  the  index  of  refraction  of  air;  below  the  bot¬ 
tom,  the  index  of  refraction  equals  that  of  the  water.  For  a 
medium  with  only  primary  reflections,  the  inverse  Fourier 
transform  of  the  reflection  coefficient  —  this  is  the  time 
dependent  reflection  coefficient  —  is  nonzero  only  between 


the  first  and  last  arrival  times.  The  first  arrival  time  is 
the  travel  time  distance  to  the  top,  while  the  last  arrival 
time  gives  the  travel  time  distance  to  the  bottom. 

When  we  include  the  effects  of  multiple  reflections,  the 
meaning  of  the  first  arrival  time  doesn’t  change,  but  there 
is  no  longer  a  last  arrival  time;  that  is,  the  last  primary 
reflection  is  obscured  by  multiple  reflections. 

The  main  point  of  this  paper  is  that  it  is  possible  to 
ferret  out  this  last  arrival  time  by  the  simple  expedient  of 
considering  the  functions  and/or  instead  of 

R.  Specifically, 

THEOREM  1: 

supp  (rw)  =[B-T,T-B] 

supp  (ir^)  =[B-  2T, -B] 

In  the  theorem  above,  ^  denotes  the  inverse  Fourier 
transform, 

/CO 

-oo 

and  supp  /  is  the  support  of  the  function,  /,  the  closure 
of  the  set  of  points  where  /  does  not  vanish. 

A  proof  of  the  theorem  will  appear  in  [3].  For  the 
moment,  we  will  just  point  out  that,  with  the  notation, 

^  ^ ^  ~  ^ i_|r|2 ^  j  n{x,t)  and  d{x,t) 

satisfy  the  system  of  hyperbolic  partial  diffferential  equa¬ 
tions; 


dn  dn 
dx  dt 

dx 

This  hyperbolic  system,  has  three  wavespeeds,  0,dil 
(notice  that  n{x,—t)  appears  in  the  last  equation).  An 
analysis  of  the  propagation  for  this  system  will,  with  a 
little  work,  yield  the  theorem. 

3.  NUMERICAL  RESULTS 

We  consider  now  application  of  the  theorem  above  to  syn¬ 
thetic  reflection  data  from  a  system  like  that  described  at 
the  beginning  of  the  previous  section,  except  that  the  di¬ 
electric  materials  within  and  beneath  the  layer  may  now 
be  lossy  and  discontinuities  in  dielectric  properties  occur 
at  the  upper  and  lower  layer  interfaces.  These  changes 
permit  us  to  model  more  realistically  a  sea  ice  layer  over- 
lying  sea  water.  The  point  of  this  section  is  that  appli¬ 
cation  of  the  theorem  above  to  synthetic  reflection  data 


a  {S{t)  -h  2d) 

a  {n{x,t)  4-  n{x,  —t)) 
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from  a  realistic  sea  ice/sea  water  system  yields  accurate 
ice  layer  thickness  estimates.  We  will  account  for  this 
utility  of  the  method  outside  its  initial  theoretical  bounds 
of  applicability  in  a  forthcoming  publication,  but  here  we 
simply  demonstrate  the  fact. 

We  assumed  a  parabolic  profile  of  brine  volume  vs. 
depth  roughly  typical  of  thin  Arctic  sea  ice  and  used  the 
empirical  equations  of  Vant  [4]  to  estimate  real  and  imag¬ 
inary  parts  of  the  relative  permittivity  as  a  function  of 
depth.  One  aspect  of  our  forward  model  remains  unrealis¬ 
tic  at  this  stage:  we  have  not  accounted  for  the  frequency 
dependence  of  real  and  imaginary  parts  of  sea  ice  per¬ 
mittivity  across  the  band  in  which  we  simulate  reflection. 
Forthcoming  work  will  address  this. 

We  used  a  standard  Runge-Kutta  integration  of  a  Ri- 
catti  equation  similar  to  that  above,  together  with  a  bound¬ 
ary  condition  specifying  no  reflection  below  the  lower  in¬ 
terface,  to  compute  the  solution  of  the  forward  problem. 
We  computed  the  complex  reflection  coefficient,  as  a  func¬ 
tion  of  microwave  frequency  over  a  very  wide  frequency 
band  reaching  from  0.1  GHz  to  10  GHz.  The  real  and 
imaginary  parts  of  the  reflection  coefficient  are  damped 
oscillatory  functions  of  frequency  due  to  interference  be¬ 
tween  wave  components  transmitted  into  the  ice  and  re¬ 
flected  from  the  ice/interface.  The  electromagnetic  loss 
within  the  ice,  however,  is  sufficiently  high  that  the  oscil¬ 
lations  at  the  highest  frequencies  (above  approximately  8 
GHz  for  a  10  cm  thick  ice  sheet)  are  completely  damped 
out  -  thus  the  reflection  coefficient  approaches  a  constant 
limiting  value  in  the  upper  part  of  the  frequency  band. 

Figure  1  shows  the  real  part  of  the  inverse  Fourier  trans¬ 
form  (approximated  by  a  simple  discrete  inverse  Fourier 
transform)  of  the  quantity  1/(1  —  l-^P),  plotted  as  func¬ 
tion  of  estimated  physical  depth  by  “guessing”  a  depth- 
averaged  index  of  refraction  (i.e.,  real  part  of  the  square 
root  of  permittivity,  averaged  over  depth)  of  2.  (We  judge 
this  figure  reasonable  in  the  absence  of  any  information 
except  typical  observations  of  sea  ice  permittivities,  and 
we  did  not  “tune”  the  figure.  Note  also  that  the  imag¬ 
inary  part  of  the  transform  is  theoretically  zero  and  in 
practice  consists  only  of  numerical  noise.)  In  the  absence 
of  jumps  discontinuities  in  permittivity  at  the  upper  and 
lower  interface,  we  would  expect  from  section  2  to  see  the 
plotted  quantity  go  to  zero  at  the  depth  corresponding 
to  the  layer  thickness.  Because  of  the  discontinuity  at 
the  ice/ water  interface,  we  in  fact  see  what  is  evidently  a 
smoothed  impulse  at  that  depth.  Estimating  the  depth  of 
the  bottom  of  the  layer  by  the  depth  at  which  the  peak 
of  the  smoothed  impulse  occurs,  we  infer  a  physical  layer 
depth  of  10.7  cm,  which  differs  from  the  true  value  by 
only  7%.  Thus  despite  the  considerable  electromagnetic 
loss  in  the  model  from  which  synthetic  data  are  generated, 
it  appears  that  our  result  from  theory  for  the  lossless  case 
continues  to  hold  to  a  good  approximation  (which  we  will 


quantify  in  forthcoming  work) . 


Figure  1 .  Real  part  of  the  inverse  Fourier  transform  of 
1/(1  —  li?P)  versus  estimated  physical  depth. 

This  fidelity  recurs  over  a  range  of  model  ice  thicknesses 
-  it  is  no  accident.  Further  simulation  shows  that  while 
the  upper  frequency  limit  of  data  in  the  simulation  can 
be  decreased  considerably  for  10  cm  thick  ice,  the  quality 
of  the  thickness  estimate  is  more  strongly  affected  by  the 
lowest  frequency  at  which  data  are  available.  This  aspect 
of  the  problem  in  particular  deserves  further  investigation. 

More  immediately,  we  intend  use  the  method  outlined 
above  in  a  trial  inversion  of  wideband  microwave  reflectiv¬ 
ity  data  acquired  as  part  of  the  ONR-sponsored  CRREL 
Experiment  to  compare  ice  thickness  estimated  via  our 
method  with  directly  measured  thicknesses. 
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Abstract  -  -  An  electromagnetic  inverse  scattering  theory 
using  time-series  measured  data  has  been  developed  to 
retrieve  the  thickness  of  sea  ice.  The  approach  is  based 
on  a  parametric  estimation  algorithm  where  the  radiative 
transfer  equation  is  used  as  the  direct  scattering  model 
to  calculate  backscattering  signatures  from  sea  ice.  The 
Levenberg-Marquardt  optimization  method  is  used  as  the 
inversion  algorithm  to  retrieve  the  sea  ice  parameters  it¬ 
eratively.  Additional  information  provided  by  the  sea  ice 
thermodynamics  is  applied  to  constrain  the  electromag¬ 
netic  inverse  problem  to  achieve  more  accurate  reconstruc¬ 
tion.  This  inversion  algorithm  is  illustrated  with  experi¬ 
mental  data  from  a  thin  saline  ice  sheet  grown  in  a  cold 
room  at  the  U.S.  Cold  Regions  Research  and  Engineering 
Laboratory  in  1993.  Based  on  this  inversion  method,  the 
evolution  of  ice  thickness  is  accurately  reconstructed. 

INTRODUCTION 


Sea  ice  thickness  is  an  important  parameter  in  the  global 
climate  modeling  because  of  its  role  in  the  heat  and  mass 
balance  processes  involved  in  the  interaction  between  the 
ice,  ocean,  and  atmosphere.  However,  the  ground  field 
work  in  polar  regions  is  quite  difficult  because  of  the  vast 
spatial  scales  and  the  hostile  climate.  With  the  advance 
of  space  technology,  spaceborne  remote  sensing  has  been 
applied  in  monitoring  the  polar  regions.  Therefore,  it  is 
necessary  to  develop  a  technique  to  accurately  estimate 
the  sea  ice  thickness  from  satellite  electromagnetic  mea¬ 
surements. 

In  the  past  few  decades  some  sea  ice  direct  scattering 
models  have  been  developed  and  verified  by  various  exper¬ 
imental  measurements.  To  utilize  these  direct  scattering 
models  for  sea  ice  thickness  retrieval,  parametric  estima¬ 
tion  is  an  appropriate  approach  because  it  offers  great  flex¬ 
ibility  in  the  choice  of  the  parameters  to  be  reconstructed 
and  data  to  be  inverted.  However,  using  parametric  es¬ 
timation  approaches  like  least-squares  optimization  algo¬ 
rithm  usually  comes  with  non-unique  solutions,  and  its 
performance  degrades  with  noisy  data.  To  reduce  the  ef¬ 
fects  of  these  uncertainties,  more  diverse  data  are  neces¬ 
sary.  Since  a  satellite  repeats  its  orbit  at  a  fixed  time 
interval,  it  records  a  series  of  data  for  a  fixed  period.  By 
using  these  time-series  data,  more  measured  data  becomes 
available  which  will  be  useful  for  retrieving  geophysical 
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Figure  1:  CRRELEX’93  measured  backscattering  coeffi¬ 
cients  and  the  corresponding  simulation  results. 


parameters.  It  is  also  helpful  for  resolving  noise  and  non¬ 
uniqueness  problems.  Applying  time-series  measured  data 
to  sea  ice  inverse  problem  was  proposed  by  Veysoglu  et  aL 
[1]  in  the  passive  microwave  remote  sensing  of  sea  ice.  In 
this  paper,  we  develop  an  inversion  algorithm  which  uses 
time-series  active  remote  sensing  data,  and  employ  this  al¬ 
gorithm  to  reconstruct  the  growth  of  a  sheet  of  thin  saline 
ice  from  CRRELEX’93  experiment. 

EM  MODEL  AND  COMPARISON  WITH 
CRREL  93  EXPERIMENT 


In  order  to  investigate  the  electromagnetic  scattering 
mechanisms  involved  in  thin  sea  ice,  and  to  relate  the 
polarimetric  backscatter  signatures  to  ice  physical  param¬ 
eters,  a  saline  ice  experiment  was  carried  out  by  the  Jet 
Propulsion  Laboratory  (JPL),  the  U.S.  Army  Cold  Re¬ 
gions  Research  and  Engineering  Laboratory,  and  the  Mas¬ 
sachusetts  Institute  of  Technology  (MIT)  in  September 
1993.  Detailed  descriptions  of  experimental  set  up  and 
procedure  are  given  by  Nghiem  et  al  [2],  The  measured 
polarimetric  backscattering  coefficients  are  shown  in  Fig¬ 
ure  1.  It  is  noted  that  there  is  a  8-10  dB  increase  in  the 
backscatter  through  the  whole  ice  growth  stage.  This  large 
increase  can  not  be  explained  by  the  increase  of  thickness 
only,  it  may  also  be  contributed  by  the  size  increase  of 
brine  inclusions  due  to  the  desalination  processes  [2]. 
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A  two-layer  scattering  medium  with  flat  interfaces  (Fig¬ 
ure  2)  is  considered  here  to  interpret  this  set  of  backscatter 
data.  For  the  ice  sheet  under  consideration,  the  upper  sur¬ 
face  is  smooth  and  lower  surface  does  not  signiflcantly  con¬ 
tribute  to  the  total  scattering  [2].  The  uppermost  medium 
is  air  with  permittivity  e^,  the  layer  of  thickness  d  repre¬ 
sents  the  sea  ice  and  the  lower  half  space  is  saline  water 
with  complex  permittivity  62-  Within  the  sea  ice  layer, 
the  brine  inclusions  are  modeled  as  vertically  oriented  el¬ 
lipsoids  of  complex  permittivity  e^,  they  are  randomly  dis¬ 
tributed  in  the  pure  ice  background  with  complex  permit¬ 
tivity  Cl.  The  model  parameters  like  permittivities,  brine 
volume  fraction,  and  brine  sizes  are  determined  by  the  sea 
ice  physical  properties  such  as  the  salinity,  density,  and 
temperature  which  are  also  subject  to  dynamic  change 
during  ice  growth. 

In  this  paper,  the  radiative  transfer  theory  is  applied  to 
calculate  the  electromagnetic  scattering  from  sea  ice.  The 
propagation  and  scattering  of  specific  intensities  through 
a  sea  ice  layer  is  described  by  the  following  equation, 

cos 6  — =  -l^eiO,(j))  '7{9,(I),z)  (1) 

Jatc 


where  /Cg  is  the  extinction  matrix  which  accounts  for  the 
attenuation  due  to  both  scattering  and  absorption,  and 

P{9,  (j)]  6\(j7)  is  the  phase  matrix  which  describes  how  par¬ 
ticles  scatter  radiation  from  the  direction  {6\  (j7)  into  the 
direction  (0,0).  By  solving  (1),  the  backscattering  cross 
section  per  unit  area  is  given  as 


<7/3a(0O  =  47rcos0i 


~i~  Tt) 

/az(0i  j  0i) 


(2) 


where  (0i,0i)  is  the  incident  direction,  a,/?  can  be  v  for 
vertical  or  h  for  horizontal  polarization,  and  the  subscripts 
i  and  s  denote  the  incident  and  scattered  waves,  respec¬ 
tively.  In  Figure  1,  we  also  present  the  model  simulations 
where  the  desalination  process  has  been  taken  into  account 
in  determining  the  sea  ice  parameters  at  various  stages 
of  ice  growth.  It  shows  a  good  match  for  this  two-layer 
model. 


Sea  Water  62 


Figure  2:  Sea  ice  model 


LEAST-SQUARES  METHOD 

Given  an  electromagnetic  model  of  sea  ice,  the  model 
response  at  a  specific  time  tj,  i  =  1,2,  •  •  •  ,n,  can  be  de¬ 
scribed  by  a  nonlinear  functional 

yi  =  yi{ziti),x{ti))  (3) 

where  z  denotes  the  set  of  known  parameters  such  as  radar 
parameters,  and  x  denotes  the  set  of  unknown  sea  ice 
parameters.  The  corresponding  remote  sensing  measure¬ 
ment  at  time  U  is  denoted  by  Yi, 

The  technique  used  in  this  paper  to  solve  the  sea  ice 
inverse  problems  is  one  involving  the  least-squares  param¬ 
eter  estimation  [3].  Let  e  represent  the  discrepancy  be¬ 
tween  the  observation  and  the  model  response  at  the  A;-th 
iterative  step, 

e  =  F (2,  xW)  (4) 

where  are  the  estimated  parameters  at  the  A:-th  step. 
During  the  iteration,  the  process  of  adjusting  parame¬ 
ters  is  critical  for  rapid  convergence.  The  Levenberg- 
Marquardt  algorithm  [4]  is  applied  to  minimize  the  square 
of  difference  e  •  e^.  The  advantage  of  this  method  is  that 
at  beginning  it  behaves  like  the  steepest  descent  method 
which  is  robust  for  poor  starting  values,  then  it  approaches 
the  Gauss-Newton  method  with  a  quadratic  convergence 
rate. 


SEA  ICE  GROWTH 


Although  time-series  measurements  supply  more  data 
to  reduce  the  problems  of  uncertainty  and  noise,  they  also 
introduces  more  unknowns  to  the  inverse  problem.  In  or¬ 
der  to  reduce  the  more  unknowns  introduced  by  the  pro¬ 
posed  inversion  scheme,  the  thermodynamics  which  gov¬ 
erns  the  growth  of  sea  ice  is  utilized  to  link  the  sea  ice 
model  responses  at  different  growth  stages. 

For  an  ice  sheet  of  thickness  h  under  steady-state  con¬ 
ditions,  assuming  no  heat  flow  to  the  water  underneath, 
the  rate  of  heat  flow  through  the  ice  is  given  as  [5] 

ipf  =  |(rm  -  T,)  =  e(T,  -  Ta)  (5) 

where  Ta  is  the  ambient  (air)  temperature,  Tg  is  the  ice 
surface  temperature,  and  Tm  is  the  ice  melting  tempera¬ 
ture.  ki  is  the  thermal  conductivity  of  ice,  e  is  the  overall 
coefficient  of  surface  heat  transfer  which  accounts  for  the 
contributions  from  both  convection  and  radiation.  L  is 
the  latent  heat  of  freezing,  p  is  the  density  of  the  ice,  and 
^  gives  the  ice  growth  rate.  Assuming  constant  air  tem¬ 
perature  during  the  ice  growth  period,  which  is  the  case 
in  CRRELEX’93,  (5)  can  be  solved  to  obtain 


h  =  ki 


-1 

—  H- 


e 


1  2{Tm-Ta) 
e2  kiLp 


(6) 


which  gives  the  time  dependence  of  ice  thickness  growth. 
In  general,  (6)  shows  that  ice  thickness  is  proportional 
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Figure  3:  Block  diagram  of  the  inversion  algorithm  with 
time  series  measured  data. 


to  the  square-root  of  elapsed  time.  For  the  thin  sea  ice 
case  as  in  CRRELEX’93,  the  contribution  of  conduction 
is  smaller  than  the  convection  term  due  to  small  thickness 
h,  and  the  ice  growth  is  approximately  linear  [2]. 

INVERSION  RESULTS  AND  DISCUSSION 

The  inversion  algorithm  using  time-series  measurements 
is  summarized  in  Figure  3.  The  inversion  steps  begin  with 
an  initial  guess  of  ice  thickness  at  a  specific  time,  the  sub¬ 
sequent  thicknesses  at  different  growth  stages  are  calcu¬ 
lated  from  (6)  according  to  the  elapsed  time  between  each 
measurements.  This  set  of  ice  thicknesses  is  then  substi¬ 
tuted  into  our  forward  model  which  solves  the  radiative 
transfer  equation  and  generates  a  simulated  time-series 
backscatter  which  is  to  be  compared  with  the  real  data. 
If  the  predicted  results  do  not  match  the  measurements, 
the  input  parameters  are  adjusted.  The  procedure  is  then 
repeated  until  the  calculated  results  match  the  measured 
data.  The  saline  ice  experimental  data  shown  in  Figure 
1  is  applied  to  this  time-series  inversion  algorithm.  In 
Figure  4,  the  reconstructed  results  are  compared  with  the 
measured  ground  truth.  It  is  shown  that  the  retrieved  ice 
thickness  agrees  quite  well  with  the  measured  ice  growth. 
Another  set  of  inversion  results  also  presented  in  Figure 
4,  which  uses  individual  radar  measurements  only,  shows 
a  large  fiuctuation  in  the  retrieved  thicknesses. 

It  is  noted  that,  as  shown  in  Figure  1,  even  our  di¬ 
rect  scattering  model  results  follow  the  trend  of  measured 
data  for  the  whole  ice  growth  stage,  the  peak  deviations 
between  them  can  still  be  as  large  as  2dB  which  can  be 
due  to  some  measurement  uncertainties.  This  may  explain 
why  the  inversion  was  unsuccessful  if  we  do  not  consider 
time-series  data.  Also,  since  the  growth  rate  is  a  function 
of  thickness,  different  initial  guesses  will  produce  different 
growth  conditions  in  the  subsequent  time  series  and  the 
backscatter  response  will  be  affected  concomitantly.  In  or¬ 
der  to  minimize  the  least-squares  objective  function,  the 
entire  time-series  simulation  results  must  match  the  whole 


Figure  4:  CRRELEX’93  thickness  inversion  with  and 
without  time-series  data. 

time-series  measurements.  Therefore,  the  range  of  possi¬ 
ble  retrieved  thicknesses  from  an  initial  trial  thickness  is 
reduced  and  the  retrieval  is  also  more  robust  to  noise  at 
individual  data  points.  Thus,  better  retrieval  of  thickness 
is  achieved  by  using  time-series  measurements. 
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ABSTRACT 

We  will  present  an  overview  of  a  portable  ground  station 
technology  for  SAR  processing.  This  system  provides 
complete  SAR  processing  capabilities  for  multiple 
satellites  in  four  modules:  ingest  processing,  SAR 
processing,  interferometric  processing  and  orthoSAR 
processing.  Data  is  first  ingested  via  the  P-DIF/120 
interface.  The  P-DIF/120  is  a  highly  programmable 
digital  interface  designed  with  run-time  programmable 
logic.  The  P-DIF/120  hardware  is  configured  at  run-time 
to  provide  a  specialized  decoder  for  the  specific  data  to  be 
captured.  Currently  ERS- 1,2,  JERS-1  and  RADARSAT 
are  supported,  but  the  highly  programmable  aspects  of 
the  P-DIF/120  make  the  addition  of  new  formats  an  easy 
chore.  This  module  provides  frame  synchronization, 
PRN  decoding  and  user  programmable  data  extraction. 
The  raw  data  ingested  by  the  PDIF/ 120  is  then  passed  to 
the  SAR  processing  subsystem  which  generates  single 
look  complex  data  and  multilook  images.  The 
interferometric  subsystem  can  take  suitable  single  look 
complex  data  pairs  and  produce  interferometrically  derived 
elevation  models.  The  orthoSAR  module  is  also 
provided  to  geocode  and  orthorectify  SAR  results.  All 
the  subsystems  are  controlled  from  a  user-friendly 
graphical  user  interface. 

INTRODUCTION 

End-to-end  processing  of  spaceborne  synthetic  aperture 
radar  (SAR)  data  to  imagery  has  historically  been 
performed  at  large  institutions  such  as  universities  and 
government  funded  organizations.  This  has  been  due  in 
part  to  the  extensive  resources  which  have  been  required 
to  design,  build  and  operate  such  a  facility.  Developing 
such  a  processing  system  requires  in-house  experts  for 
development,  maintenance  and  operations. 

In  this  paper  we  present  an  overview  of  a  SAR 
processing  ground  station  which  alleviates  many  of  these 
difficulties,  making  development  of  new  and  more 
flexible  ground  stations  possible.  The  keys  to  this 
capability  are  the  programmable  front-end  ingest 
hardware,  the  use  of  commercially  available  and 
inexpensive  computer  hardware  and  software  packages  for 
SAR  processing  and  an  easy  to  use  operator  interface. 
This  architecture  is  not  only  inexpensive  to  purchase  and 
operate,  but  also  offers  considerable  flexibility  in  terms 
of  the  satellites  and  processing  algorithms  which  may  be 
hosted.  In  the  overview  presented  here,  we  include  an 
interferometric/stereo  processor  and  an  orthorectification 
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processor  as  example  add  on  modules  which  are  included 
in  our  ground  station. 

TOP  LEVEL  GROUND  STATION 

Figure  1  shows  a  schematic  view  of  the  Vexcel  ground 
station.  The  general  capabilities  supported  by  the  four 
subsystems  shown  are: 

1)  Data  Ingest  Subsystem  This  subsystem 
consists  of  interface,  decoding  and  control  software  and 
hardware  between  a  high  speed  data  network  and  the  SAR 
Processor  computer.  This  system  transcribe  raw  data 
from  high-density  tapes  or  live  down-link  to  the  SAR 
processor  disk  subsystem. 

2)  SAR  Processor  Subsystem  This  subsystems 
consists  of  software  to  process  raw  SAR  data  transcribed 
onto  the  SAR  Processor  disk  subsystem.  Output 
products  include  standard  CEOS  products  in  addtion  to 
single-look  complex  data  suitable  for  interferometry. 

3)  Ortho-Rectification/Output  Products 
subsystem  Software  to  orthorectify  processed  SAR 
imagery  using  elevation  models  if  available.  Geocoding 
may  be  carried  out  in  the  absence  of  an  elevation  model 
by  using  a  smooth  earth  model.  CEOS  standard  output 
products  are  created. 

4)  Interferometric/Stereo  subsystem  Subsystem 
to  process  suitable  image  pairs  interferometrically  or 
using  stereo  techniques.  The  use  of  ground  control  points 
with  this  software  permits  an  elevation  model  to  be 
created  as  well  as  a  geometrically  correct  image  product. 

Control  of  the  various  subsystems  is  achieved  via  a 
graphic  user  interface  (GUI).  In  the  following  sections 
we  will  describe  the  GUI  and  each  of  these  subsystems. 

THE  GRAPHICAL  USER  INTERFACE 

The  entire  operation  of  the  ground  processor  is 
controlled  by  a  series  of  graphical  user  interfaces. 

Each  subsystem  is  composed  of  several  low  level 
programs  of  varying  complexity  and  flexibility. 
Most  ground  station  operations,  however,  do  not 
require  day-to-day  modifications  to  the  operations 
environment.  The  operators  typically  perform  a 
limited  series  of  operations.  The  GUI,  which  may 
be  customized  to  each  stations  preferences,  promotes 
fast  and  accurate  ground  station  operations  by 
limiting  the  choices  available  to  the  operator. 
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Figure  1.  Functional  diagram  of  the  Vexcel  SAR  Processor  Ground  Station 


The  power  of  the  underlying  programs  are  still  available 
to  ground  station  personnel  via  the  "expert  mode,"  in 
which  the  GUIs  are  by-passed. 

DATA  INGEST  SUBSYSTEM 

The  Data  Ingest  System  of  the  Vexcel  SAR  Processing 
ground  station  is  designed  to  allow  data  input  from  a 
variety  of  input  sources  and  to  provide  hardware 
preprocessing  for  the  workstation  based  SAR  processor. 
The  primary  design  goals  of  the  Data  Ingest  System  were 
that  the  system  designed  was  to  have  extremely 
flexibility  and  low  cost.  To  achieve  these  design  goals, 
the  Data  Ingest  System  was  created  from  off-the-shelf 
elements  surrounding  the  P-DIF,  a  custom  hardware  data 
ingest  solution. 

The  Data  Ingest  System  resides  in  a  VME  chassis  and 
contains  three  major  elements  as  shown  in  Figure  2.  The 
three  primary  components  of  the  Data  Ingest  System 
include  the  MVME1601  VME  bus  master,  the  P- 
DIF/120  programmable  data  interface  and  a  disk  storage 
element.  The  Motorolla  MVME1601  bus  master  is  an 
off-the-shelf  PowerPC  based  VME64  capable  VME  bus 
master  that  is  primarily  responsible  for  control  of  the 
Data  Ingest  System.  The  MVME1601  has  the  following 
responsibilities: 

•  Command  and  control  of  the  P-DIF 

•  Data  and  status  transfer  from  the  P-DIF  into  local 

memory  at  transfer  rates  of  up  to  30  MBytes/sec 

burst. 

•  Transfer  of  data  from  the  local  memory  to  the  Disk 

Storage  Component 

•  Transfer  of  data  from  the  Data  Ingest  System  to  the 

SAR  Processor  via  fast  ethernet 

•  Command  and  control  of  any  station  data  recorders. 


Data  Ingest  System 


Figure  2  -  Data  Ingest  Overview 


Control  of  the  MVME1601  is  provided  via  a  set  of 
Graphical  User  Interfaces  that  are  hosted  on  the  SAR 
processing  workstation. 


The  Disk  Storage  system  is  connected  to  the 
MVME1601  via  a  wide  fast  SCSI-2  connection  allowing 
data  transfer  rates  up  to  ISMBytes  per  second 
continuous.  This  system  module  may  contain  either  a 
single  disk  or  a  RAID  array  depending  on  the 
requirements  of  the  specific  installation.  If  the  Data 
Ingest  System  is  used  primarily  as  a  front  end  for  serial 
data  recorders,  a  single  fast  disk  will  suffice  for  data 
storage.  If  the  Data  Ingest  System  is  connected  directly 
to  the  digital  down  link,  a  level  3  RAID  system  is 
utilized  to  provide  the  high  levels  of  reliability  required 
for  data  storage,  and  replaces  the  costly  high  speed  digital 
tape  storage  system  that  has  been  utilized  in  previous 
designs. 


The  custom  hardware  P-DIF  board  set  is  the  primary 
component  of  the  Data  Ingest  System.  The  P-DIF  is  a 
programmable  VME  based  data  ingest  and  preprocessing 
unit  for  use  with  remote  sensing  satellites.  The  P-DIF 
concept  centers  around  the  use  of  SRAM  based  field 
programmable  gate  arrays  (FPGAs).  The  use  of  a  run- 
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time  programmable  gate  array  allows  sensor  specific 
hardware  configurations  to  be  downloaded  at  run  time. 

The  P-DIF  design  allows  very  specific  hardware 
implementations  to  be  designed  for  specific  sensor 
platforms.  As  an  example,  the  P-DIF  could  be  configured 
to  capture  ERS-1  data,  PRN  decode  that  data  and  extract 
the  relevant  data.  If  the  decision  was  then  made  to 
process  RADARSAT  data,  a  new  hardware  description 
would  be  downloaded  to  the  P-DIF,  and  within  30 
seconds  would  be  ready  to  perform  the  same  functions  on 
RADARSAT  data.  The  use  of  run  time  programmable 
hardware  also  allows  the  P-DIF  the  capability  to  process 
future  formats  unanticipated  by  the  system  designer 
simply  by  compiling  new  hardware  descriptions  for 
future  sensors  as  they  appear. 

The  P-DIF  allows  serial  data  capture  rates  of  up  to  120 
Mbps  serial  or  15MBytes/sec  byte  parallel.  The  captured 
data  is  then  aligned  to  a  specific  framesync  with  data  lock 
being  contingent  on  several  user  programmable 
parameters  such  as  number  of  bit  errors  in  the  sync  and 
amount  of  bit  slip  allowed.  This  data  is  then  PRN 
decoded  and  the  specified  fields  extracted  as  status  and  data 
into  onboard  memory  double  buffers.  This  data  is  then 
available  to  the  MVME1601  VME  master  via  a  VME64 
MBLT  transfer  mode. 

The  configuration  and  operations  of  the  data  ingest 
subsystem  is  controlled  completely  via  the  graphical  user 
interface.  Operators  must  enter  satellite  specification, 
and  start  and  stop  time  for  data  transfers. 

SAR/INTERFEROMETRIC  PROCESSOR 
SUBSYSTEM  AND  STEREO  PROCESSOR 
SUBSYSTEM 

Once  the  data  ingest  subsystem  has  provided  the  data  on 
the  SAR  processor  disks,  processing  of  the  data  may 
proceed.  We  have  selected  a  commercially  available 
SAR  processor,  from  Gamma,  AG,  Remote  Sensing,  to 
act  as  the  raw  phase  history  processor. 

Gamma's  Modular  SAR  Processor  (MSP)  is  used  to 
produce  single  look  complex  imagery  and  multi-look 
imagery.  MSP  is  closely  linked  to  another  Gamma 
product  called  the  Interferometric  SAR  Processor  (ISP). 
The  ISP  performs  the  interferometric  processing  required 
to  take  two  single  look  complex  SAR  images  produced 
by  MSP  and  determine  a  digital  elevation  model  using 
interferometric  techniques. 

The  sophistication  of  the  MSP  is  hidden  via  the  GUI. 
For  processing  a  raw  data  set  captured  through  the  ingest 
subsystem,  the  operator  must  choose  the  appropriate 
orbit  and  frame  number  and  select  the  output  product  to 
be  created.  The  GUI  will  then  operate  the  MSP  with  the 
appropriate  commands  to  form  the  requested  imagery. 
Vexcel  developed  software  will  produce  the  CEOS  output 
products.  Operation  of  the  ISP  is  similarly  streamlined. 


However,  the  nature  of  interferometric  processing  does 
require  some  operator  intervention  for  ground  control 
entry  and  other  dynamic  inputs. 

In  addition  to  implementing  interferometric  techniques 
for  elevation  determination,  we  have  also  developed 
software  for  deriving  elevations  from  stereo  SAR 
imagery.  With  the  recent  successful  launch  of 
RADARSAT,  the  availability  of  stereo  radar  data  over 
large  regions  will  significantly  increase  in  the  near 
future.  RADARSAT  is  the  only  operating  spaceborne 
SAR  with  the  beam  articulation  necessary  to  routinely 
acquire  SAR  data  in  appropriate  stereo  geometries.  We 
are  currently  modifying  existing  auto-matching  and 
stereo  range-Doppler  solution  software  for  RADARSAT 
application.  This  will  be  included  as  a  ground  station 
option. 

ORTHORECTIFICATION  SUBSYSTEM 

If  an  existing  elevation  model  of  the  terrain  imaged  by 
the  SAR  is  available,  the  ground  station  also  provides 
software  which  will  correct  the  SAR  imagery  for  terrain 
effects.  The  orthorectification  subsystem  offers  three 
options:  geocode,  terrain  correction/geocode,  terrain 
correction/geocode  with  ephemeris  adjustment.  The  later 
option  requires  an  operator  to  provide  ground  control  via 
an  interactive  display  environment. 

CONCLUSION 

The  SAR  processor  ground  station  described  here 
provides  an  inexpensive  and  flexible  solution  to 
developing  and  operating  a  SAR  ground  station  with 
limited  resources.  Careful  design  of  a  GUI  permits  user 
friendly  operations  of  the  sophisticated  underlying 
software  with  little  training.  A  programmable  front  end 
makes  the  same  hardware  useful  for  a  number  of  satellite 
systems  with  no  hardware  modifications.  The  use  of 
commercially  available  and  tested  software  assures 
consistent  results. 


1213 


Azimuth  and  Range  Scaling  for  SAR  and 
ScanSAR  Processing 


Alberto  Moreira,  Rolf  Scheiber  and  Josef  Mittermayer 
Deutsche  Forschungsanstalt  fur  Luft-  und  Raumfahrt  (DLR) 
Institut  fur  Hochfrequenztechnik 
82234  Oberpfaffenhofen,  Germany 
T:  +49-8153-28-2360,  EMail:  alb erto. moreira© dlr.de 


Abstract  -  This  paper  presents  new  range  and  azimuth 
scaling  functions  which  can  be  introduced  into  the  pro¬ 
cessing  of  SAR  and  ScanSAR  data  for  automatic  geomet¬ 
ric  scaling  in  range  and  azimuth  directions.  These  new 
phase  functions  have  been  implemented  into  the  extended 
chirp  scaling  algorithm  for  air-  and  spaceborne  SAR  data 
processing.  Several  examples  using  the  scaling  functions 
are  presented  and  results  of  the  data  processing  are  shown 
to  verify  the  validity  of  the  proposed  algorithms. 

L  INTRODUCTION 

SAR  processing  requires  normally  an  interpolation  for 
the  correction  of  the  range  cell  migration.  It  consists  of 
two  components  (linear  and  quadratic  term),  which  must 
be  corrected  in  order  to  perform  an  accurate  azimuth  com¬ 
pression.  Since  both  terms  are  varying  as  a  function  of  the 
range  distance,  the  migration  correction  must  be  updated 
for  each  range  position. 

The  interpolation  for  range  cell  migration  correction 
(RCMC)  can  be  circumvented  by  means  of  the  chirp  scal¬ 
ing  operation  [1].  The  chirp  scaling  principle  is  based  on 
the  fact  that  the  positioning  of  the  impulse  response  func¬ 
tion  after  compression  is  determined  by  its  phase  center 
position  before  compression.  Since  a  linear  scaling  is  re¬ 
quired  for  RCMC,  a  linear  frequency  modulated  function 
can  be  used  to  shift  the  phase  center  of  the  range  chirps, 
whereby  the  amount  of  the  shift  is  proportional  to  the 
distance  to  a  reference  range  In  l^he  case  of  SAR 

processing,  the  chirp  scaling  correction  is  applied  in  the 
range-Doppler  domain,  since  the  targets  at  a  given  range 
distance  will  have  the  same  RCM  trajectory  independent 
of  their  azimuth  position. 

In  this  paper,  the  chirp  scaling  principle  has  been  fur¬ 
ther  exploited  for  several  other  applications.  In  addition 
to  the  traditional  range  chirp  scaling,  which  equalizes  the 
range  cell  migration  in  the  processing,  the  following  ap¬ 
plications  have  been  investigated: 

-  Range  scaling.  It  performs  a  geometric  scaling  of  the 
image  in  the  range  direction  and  is  incorporated  within 
the  range  chirp  scaling  operation.  It  can  be  used  for  auto¬ 
matic  range  co-registration  of  interferometric  image  pairs 
obtained  in  a  multi-pass  scheme.  The  range  scaling  can 
also  be  used  to  modify  the  sampling  interval  in  the  final 
image. 

-  Azimuth  chirp  scaling.  Its  principle  is  similar  to  the 
range  chirp  scaling  but  additional  operations  are  required 
to  accommodate  the  hyperbolic  phase  history  in  the  az¬ 


imuth  direction.  It  can  also  be  used  for  automatic  azimuth 
CO- registration  of  interferometric  image  pairs  obtained  in 
a  multi-pass  scheme  with  different  PRF’s  and/or  veloci¬ 
ties  as  well  as  to  selected  the  final  sampling  interval  in  a 
stripmap  SAR  image. 

-  Azimuth  scaling.  It  is  used  to  select  the  final  azimuth 
sampling  interval  of  ScanSAR  or  Spotlight  data.  In  op¬ 
posite  to  the  azimuth  chirp  scaling,  the  basic  scaling  is 
applied  in  the  range-Doppler  domain  due  to  the  burst  op¬ 
eration  of  ScanSAR  and  Spotlight  imaging  modes. 

In  section  II  of  this  paper,  the  scaling  in  the  range  direc¬ 
tion  (range  chirp  and  range  scaling)  is  presented.  Section 
III  shows  the  theory  of  the  azimuth  (chirp)  scaling  for 
stripmap  and  ScanSAR/Spotlight  case.  Several  results  of 
data  processing  are  presented  in  section  IV  for  demonstra¬ 
tion  of  the  geometric  scaling  in  the  final  image.  Section  V 
concludes  the  paper. 

11.  SCALING  OF  THE  RANGE  SIGNAL 

The  basic  idea  is  to  combine  the  scaling  of  the  image  in 
the  range  dimension  with  the  RCM  equalization  operation 
(range  chirp  scaling)  of  a  chirp  scaling  processor  into  a 
single  operation.  This  is  possible  since  both  operations 
represent  a  linear  scaling  of  the  range  signal.  This  implies 
that  their  combination  can  be  performed  within  one  single 
step  and  is  in  fact  also  a  chirp  scaling  operation  but  with 
a  modified  scaling  factor: 

asclifa)  =  i±^  -  1  (1) 

Oirg 

where  a{fa)  is  the  traditional  chirp  scaling  factor  known 
from  [1]  and  arg  is  the  desired  scaling  of  the  processed  im¬ 
age  in  range  dimension.  For  arg  =  1  no  scaling  occurs  and 
o^sciifa)  ~  «(/a)*  The  full  derivation  of  a^c/  is  given  in  [2]. 
Also  the  full  derivations  of  the  phase  functions 
and  H4  (see  fig.  1)  are  given  there.  Here  we  wiU  concen¬ 
trate  on  some  essential  discussions: 

-  Since  the  new  chirp  scaling  factor  agd  is  used  instead 
of  a  within  the  first  phase  function  Hi^  this  impacts  all 
other  phase  functions. 

-  The  second  phase  function  H2  performs  RCM  correc¬ 
tion  with  the  traditional  chirp  scaling  factor  a,  since  the 
natural  curvature  of  the  azimuth  signal  was  not  changed 
by  the  range  and  range  chirp  scaling  operation,  but  for  the 
compression  of  the  range  signal  a  modified  rate  according 
to  as  cl  must  be  considered. 

-  The  phase  correction  H3  which  must  be  applied  after 
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raw  data 


scaled  image 


Figure  1:  Signal  flow  of  the  Extended  Chirp  Scaling  algo¬ 
rithm  for  processing  of  one  block  of  stripmap  data  with 
modified /additional  functions  for  the  range  and  azimuth 
chirp  scaling. 


range  compression  in  the  range-Doppler  domain  is  depen¬ 
dent  on  as  cl  and  a  and  is  given  explicit  ely  by: 


Hs  ~  exp 


fc(/a;rre/)-a»cr(l  +  a)^  _  ^2 


where  k  is  the  modified  chirp  rate  from  [1]  and  tq  the 
range  distance. 

Finally,  special  care  must  be  given  to  the  update  of  H 4 
with  range  since  at  this  step  of  the  processing  the  image 
is  already  scaled  in  the  range  dimension. 

Using  this  approach  the  co- registration  of  interferomet¬ 
ric  image  pairs  in  the  range  dimension  during  processing 
is  possible  without  any  additional  computation  load.  For 
wavenumber  processors  a  similar  approach  with  some  ad¬ 
ditional  computations  was  already  presented  in  [3].  An¬ 
other  application  of  range  scaling  is  the  processing  of 
highly  squinted  data  [2].  Any  desired  resampling  of  the 
image  in  the  range  dimension  can  also  be  achieved  by  us¬ 
ing  this  approach. 


III.  SCALING  OF  THE  AZIMUTH  SIGNAL 
Stripmap  case 

The  chirp  scaling  principle  is  also  adaptable  for  scaling 
the  azimuth  dimension  of  stripmap  S  AR  data.  In  order  to 
obtain  a  very  precise  scaling,  the  natural  hyperbolic  phase 
history  must  be  substituted  by  its  quadratic  approxima¬ 
tion.  The  grey  boxes  of  the  signal  flow  in  fig.  1  show 


azimuth  - -  azimuth 


(a)  (b) 

Figure  2:  Simulated  response  of  5  point  targets  of 
stripmap  SAR  data  processed  with  the  extended  chirp 
scaling  algorithm:  no  scaling  (a),  phase  preserved  scaling 
of  20%  in  range  and  azimuth  dimension  (b) 


that  three  additional  phase  multiplies  and  two  FFT  op¬ 
erations  are  needed  to  obtain  a  precisely  scaled  image  in 
azimuth.  The  function  H^^strip  performs  the  decompres¬ 
sion  of  the  focused  azimuth  response  in  the  range-Doppler 
domain  and  can  be  applied  together  with  the  phase  correc¬ 
tion  function  in  range  H3  and  the  hyperbolic  compression 
function  H4.  It  should  be  updated  with  range  as  follows: 

H5,,trip{fa-,ro)  =  exp[j-  Tr/ka{roy  fa],  (3) 

where  fa  is  the  azimuth  frequency.  At  this  stage  the  nat¬ 
ural  modulation  of  the  azimuth  signal  is  substituted  by  a 
quadratic  modulation  of  rate  ka  allowing  the  use  of  the 
chirp  scaling  principle: 

HQ^stripifa]  ^0)  ~  ^^p[j'  “  ^ref)  ]  (4) 


The  azimuth  chirp  scaling  factor  aaz  —  —  1  is  zero 

for  aaz  ~  1*  The  quadratic  compression  with  modified 
modulation  rate  and  the  phase  correction  follow  immedi¬ 
ately: 
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The  best  choice  for  the  reference  position  tref  is  the  az¬ 
imuth  block  center.  Relative  to  this  position  the  azimuth 
chirp  scaling  will  be  performed. 

This  approach  is  exact  and  phase  preserving,  but  the  ad¬ 
ditional  computation  load  is  not  negligible.  In  cases  where 
the  amount  of  scaling  is  small  (e.g.  ERS-1),  the  azimuth 
chirp  scaling  can  be  performed  at  the  beginning  of  the 
processing  without  substituting  the  hyperbolic  phase  by 
its  quadratic  approximation.  For  this  case  the  additional 
computation  load  reduces  to  two  phase  multiplications  [4]. 


ScanSAR  case 


For  ScanSAR  processing  we  have  introduced  subaper¬ 
ture  processing  into  the  extended  chirp  scaling  algorithm 
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combined  with  an  improved  SPEC  AN  approach  [2]. 

The  azimuth  processing  starts  in  the  range- Doppler- 
domain  after  range  processing,  RCMC  and  radiometric 
correction  by  applying  the  new  azimuth  scaling  function: 


H^^gcan{fai  ^o)  — CaJJ)  [j*  2*  TT*  ^c('^o))  fa 

rjf-4-7r-  To 


exp 


Wa)-!) 


* 

’  r  ^  f2 

,  (7) 

. 
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where  ka^sd  is  the  linear  Doppler  rate  at  the  properly 
selected  scaling  range  Vgch  The  first  factor  is  essential 
for  avoiding  time  shifts  before  deramping,  which  would 
lead  to  wrap  around  effects.  The  azimuth  scaling  func¬ 
tion  improves  the  SPECAN  approach  by  eliminating  the 
hyperbolic  azimuth  phase  history  (second  factor  in  eq.  7) 
and  introducing  a  quadratic  one  (third  factor).  Since  the 
quadratic  modulation  is  constant  over  range,  no  azimuth 
interpolation  is  required.  The  scaling  factor  is  selected  de¬ 
pending  on  the  chosen  scaling  range.  In  order  to  avoid 
wrap  around  effects  during  the  final  FFTs  an  additional 
azimuth  time  extension  is  applied  before  the  first  azimuth 
FFT. 

The  deramping  is  performed  in  the  time  domain  accord¬ 
ing  to: 


- -  azimuth  - -  azimuth 

(a)  (b) 

Figure  3:  Simulated  point  targets  of  a  burst  of  ScanSAR 
mode  data  processed  with  the  extended  chirp  scaling  al¬ 
gorithm  without  (a)  and  with  (b)  azimuth  scaling 

group  of  three  point  targets  is  located  in  far  range.  Due 
to  the  decrease  of  the  Doppler  rate  as  a  function  of  range, 
the  far  range  point  targets  are  compressed  in  the  azimuth 
direction  and  the  near  range  point  targets  are  distanced, 
if  the  azimuth  scaling  is  not  used  (see  fig.  3. a).  This  ef¬ 
fect  can  be  corrected  by  means  of  the  azimuth  scaling,  as 
shown  in  fig.  3.b.  In  this  case,  the  reference  sampling  dis¬ 
tance  in  azimuth  has  been  fixed  to  that  of  the  near  range 
point  targets,  so  that  their  scaling  remains  constant. 


H6,scan{l;  To)  -  exp  [j-  IT-  ka^scf  ' 

exp[j-  2-  IT-  ka,scr  {tcifacl)  —  <c(’’o))-<]-  (8) 

Because  of  the  azimuth  scaling  all  azimuth  signals  are  mul¬ 
tiplied  with  the  same  inverted  quadratic  phase  function  for 
the  scaling  range  (first  exponential  term  in  eq,  8).  The 
second  term  is  related  to  the  first  term  of  H^^gcan 
introduces  an  azimuth  time  shift  in  order  to  relocate  the 
targets  according  to  their  Doppler  zero  position.  The  final 
step  of  the  azimuth  processing  is  an  azimuth  FFT,  which 
compresses  the  azimuth  signals. 

IV.  SIMULATION  RESULTS 


V.  DISCUSSION 

In  addition  to  the  presented  applications  for  the  range 
and  azimuth  (chirp)  scaling,  the  same  principle  can  be 
used  in  connection  with  subaperture  processing  of  air¬ 
borne  SAR  data  with  strong  motion  errors.  By  means  of 
the  azimuth  chirp  scaling,  the  velocity  variations  can  be 
compensated  in  each  subaperture  by  scaling  the  azimuth 
signal  to  the  same  reference  velocity.  By  means  of  the 
range  scaling,  the  deviations  from  the  linear  flight  path  in 
line  of  sight  direction  can  be  precisely  corrected  instead  of 
using  a  simple  linear  shift.  These  extensions  of  the  range 
and  azimuth  scaling  will  be  subject  of  future  research. 


Five  simulated  point  targets  were  used  to  verify  the  per¬ 
formance  of  the  scaling  approachs  in  strip  mode. 

In  fig.  2a  the  processing  was  performed  with  a  normal 
chirp  scaling  approach  and  the  targets  appear  at  their 
natural  position.  In  fig.  2b  the  processing  steps  were  like 
in  fig.l  including  a  range  scaling  with  ayg  =  1.2  and  an 
azimuth  chirp  scaling  of  aaz  =  1-2.  The  reference  range 
Vyef  e^iid  the  reference  time  in  azimuth  used  for  the 
processing  are  according  to  the  target  in  the  image  cen¬ 
ter.  Thus  the  image  appears  as  scaled  by  20  percent  in 
both  directions,  leaving  the  position  of  the  middle  target 
unchanged.  The  phase  of  the  targets  remains  unmodified 
in  any  case. 

For  the  ScanSAR  case  the  extended  chirp  scaling  algo¬ 
rithm  has  been  implemented  including  the  described  az¬ 
imuth  scaling  approach.  Fig  3  shows  the  results  of  the 
processing  of  6  simulated  point  targets.  A  group  of  3 
point  targets  is  located  in  near  range,  while  the  second 
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Abstract  -  This  paper  presents  the  results  of  a  study  carried 
out  for  the  ENVISAT  Expert  Support  Laboratories  group  set 
up  by  the  European  Space  Agency.  The  objectives  of  this 
study  are  the  identification  and  investigation  of  relevant 
problems  related  to  the  processing  of  ScanSAR  data.  Data  of 
the  SIR-C  sensor  in  the  ScanSAR  mode  of  operation  were 
used  for  processing.  The  results  and  experience  gained  in 
this  analysis  might  be  used  when  relevant  for  the  ground 
processing  development  of  the  ASAR  instrument  on  board 
the  ENVISAT  platform. 

I.  INTRODUCTION 

ESA  is  preparing  a  future  Earth  Observation  Mission 
called  ENVISAT  embarking  a  set  of  key  instruments  for 
environmental  monitoring  from  Space.  Among  these  instru¬ 
ments  an  Advanced  Synthetic  Aperture  Radar  operating  at 
C-band  has  been  selected  for  the  ENVISAT  payload  ensur¬ 
ing  continuity  with  ERS-1  and  ERS-2  SARs  and  featuring 
enhanced  capability  in  terms  of  coverage,  range  of  incidence 
angles,  polarisation,  modes  of  operation.  This  enhanced 
capability  is  provided  by  significant  differences  when  com¬ 
pared  to  AMI  in  the  instrument  design:  a  full  active  array 
antenna  equipped  with  distributed  Transmit/Receive  modules 
which  provides  distinct  transmit  and  receive  beams,  a  digital 
waveform  generation  for  pulse  "chirp"  generation,  a  Block 
Adaptive  Quantisation  scheme,  a  ScanSAR  mode  of  opera¬ 
tion  by  beam  scanning  in  elevation.  In  the  framework  of  an 
ENVISAT  Expert  Support  Laboratories  group  set  up  by  the 
European  Space  Agency,  the  DLR  has  been  appointed  to 
support  several  critical  aspects  of  the  ENVISAT  ASAR 
product  quality  and  algorithm  development.  The  present 
study  is  focusing  on  algorithm  prototyping  and  image  radio- 
metric  quality  based  on  real  ScanSAR  data  acquired  during 
the  SIR-C/  XS  AR  mission. 

The  main  points  which  were  investigated  are  1)  the  proc¬ 
essing  algorithm  accuracy  to  allow  a  phase-preserving  proc¬ 
essing,  2)  the  processing  parameters  strategy  including  the 
trade-off  between  radiometric  and  geometric  resolution  and 
3)  the  improvement  of  algorithms  for  the  estimation  of  the 
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Doppler  centroid  and  roll  angle  which  is  a  crucial  point  for 
the  radiometric  correction  of  ScanSAR  images. 

The  extended  chirp  scaling  algorithm  used  for  the  proc¬ 
essing  combines  the  accuracy  of  the  chirp  scaling  algorithm 
[5]  with  the  efficiency  of  the  SPECAN  approach.  Due  to  the 
use  of  the  SPECAN  approach,  an  azimuth  scaling  function  is 
introduced  into  the  processing  in  order  to  avoid  the  required 
azimuth  interpolation  for  geometric  correction.  The  azimuth 
scaling  removes  the  change  of  the  Doppler  rate  as  a  function 
of  range  and  introduces  a  constant  Doppler  rate  which  leads 
to  the  desired  sampling  space  in  azimuth. 

For  Doppler  centroid  estimation  a  new  approach  for  the 
ScanSAR  imaging  mode  is  proposed,  which  is  applicable 
when  at  least  three  azimuth  looks  are  available.  For  the  roll 
angle  estimation,  standard  techniques  are  used  which  are 
based  on  the  signal  ratio  in  the  overlapping  region  between 
subswaths. 

Section  II  of  this  paper  describes  the  extended  chirp  scal¬ 
ing  algorithm  for  the  data  processing  in  ScanSAR  mode.  The 
roll  angle  and  Doppler  centroid  estimations  are  shown  in 
section  III  and  IV,  respectively.  Section  V  concludes  the 
paper  with  some  discussions  concerning  the  problems  in¬ 
volved  in  the  processing  of  the  data. 

II.  SCANSAR  PROCESSING 

The  extended  chirp  scaling  algorithm  (ECS)  [3]  in  combi¬ 
nation  with  an  improved  SPECAN  approach  is  used  for 
processing  the  SIR-C  ScanSAR  data.  In  [4]  a  detailed  de¬ 
scription  of  this  method  is  given.  The  block  diagram  in  Fig.l 
shows  the  main  steps  in  the  processing. 

At  the  beginning  of  the  processing  the  bursts  are  multi¬ 
plied  by  a  weighting  function  for  the  azimuth  sidelobe  sup¬ 
pression.  The  first  phase  function  Hi  performs  the  chirp 
scaling  operation  which  carries  out  the  equalisation  of  all 
range  migration  trajectories  in  the  range-Doppler  domain. 

The  range  compression  and  the  range  cell  migration  cor¬ 
rection  are  performed  in  the  wavenumber  domain  by  apply¬ 
ing  the  phase  function  H2.  When  transforming  the  signal 
back  to  the  range-Doppler  domain,  a  residual  phase  correc- 
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Bursts  of  Subswath  1 


Fig.l:  The  extended  chirp  scaling  algorithm  for  ScanSAR. 
tion  H3  is  applied  which  compensates  a  slowly  varying 
range-dependent  azimuth  phase. 

After  the  two-dimensional  radiometric  correction  H4  the 
azimuth  scaling  is  performed  as  follows: 


H5  (fa ;  To )  =  exp[j2jt  (t,(r,d  )  -  t,,  (to  ))fa  ]  • 
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where  is  the  slant  range  of  a  point  target,  fa  is  the  azimuth 
frequency  and  tc  is  the  time  between  Doppler  zero  and  Dop¬ 
pler  centroid.  The  effective  velocity  and  the  wavelength  are 
denoted  by  V  and  X,  respectively.  The  second  term  of  the 
azimuth  scaling  function  in  (1)  removes  the  hyperbolic  azi¬ 
muth  phase  history,  which  varies  over  range  while  the  third 
term  introduces  a  constant  linear  frequency  modulation, 
which  is  independent  on  range.  The  introduced  Doppler  rate 
ka^ci  corresponds  to  a  linear  frequency  modulation  at  the 
scaling  range  The  first  exponential  term  is  needed  to 
avoid  wrap  around  of  the  azimuth  bursts  in  time  domain. 

The  next  step  is  the  compensation  of  the  linear  frequency 
modulation  by  the  deramping  function  Hs  in  the  time  do¬ 
main. 


Helt;  To )  =  exp[jji:  ]exp[j2n  .^(tc  (rsd)-  tc(ro))t]  (3) 

The  first  term  performs  the  deramping  while  the  second  term 
causes  a  shift  in  the  azimuth  time  t,  which  compensates  the 
time  shift  in  H5.  Thus  the  final  azimuth  FFTs  compress  the 
azimuth  signal  at  Doppler  zero  geometry. 


An  azimuth  time  extension  Ti  is  required  before  the  first 
azimuth  FFT  to  avoid  wrap  around  effects  in  the  burst  signal 
after  the  deramping: 
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where  Ta  is  the  full  synthetic  aperture  time  while  Ts  corre¬ 
sponds  to  the  burst  duration.  The  maximum  value  of  Ti  must 
be  selected  for  the  time  extension. 

III.  ROLL  ANGLE  ESTIMATION 

Methods  for  roll  angle  estimation  in  the  ScanSAR  mode 
use  the  overlap  regions  between  the  subwaths,  e.g.  [2].  The 
difference  of  the  logarithms  of  the  subswaths  intensities  in 
the  overlapping  regions  is  calculated.  After  a  linear  fit  the 
elevation  angle  corresponding  to  the  zero  difference  is  esti¬ 
mated,  which  corresponds  to  the  position  where  the  antenna 
gains  in  the  overlapping  areas  are  equal.  The  range  antenna 
patterns  and  the  terrain  height  have  to  be  known. 

In  the  scene  we  processed  there  are  no  overlap  regions 
with  equal  intensities  and  so  we  estimated  the  position  which 
corresponds  to  a  certain  intensity  difference  (not  neccessarily 
zero).  The  obtained  accuracy  of  the  roll  angle  estimated  in 
the  three  overlap  regions  is  about  0.3"^.  However,  the  accu¬ 
racy  of  the  look  angle  estimation  should  be  below  0.05"^  for  a 
good  radiometric  correction.  There  are  several  reasons  for 
the  degraded  accuracy:  1)  the  signal  to  noise  level  in  two 
overlapping  regions  is  too  low;  2)  the  profiles  in  some  over¬ 
lapping  regions  are  too  flat;  3)  the  available  antenna  patterns 
are  not  accurately  known. 

Better  results  of  the  look  angle  estimation  will  be  possible 
if  the  antenna  patterns  are  precisely  measured  over  homoge¬ 
neous  areas. 

IV.  DOPPLER  CENTROID  ESTIMATION 

Radiometric  correction  of  the  azimuth  antenna  pattern  in 
ScanSAR  images  requires  accurate  Doppler  centroid  estima¬ 
tion.  Since  conventional  Doppler  centroid  estimators  are  not 
suitable  because  of  the  scene  dependence  of  the  azimuth 
spectrum,  algorithms  for  ScanSAR  Doppler  centroid  have 
been  proposed  which  use  the  log  of  the  ratio  of  overlapping 
portions  of  burst  intensity  images  corresponding  to  the  same 
scene  [2].  Also,  the  accuracy  can  be  improved  by  a  least 
squares  fit  of  estimates  over  many  bursts  and  range  bins. 

Doppler  centroid  estimation  methods  for  ScanSAR  were 
investigated  by  simulation,  where  it  was  observed  that  the 
ratio  of  images  approach  suffered  degradation  when  parts  of 
burst  images  had  low  signal  to  noise  ratio.  In  this  case  the 
log  ratio  is  close  to  zero  because  the  average  of  additive  noise 
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ANTENNA  PAHERN  ESTIMATE  FROM  MULTIPLE  LOOKS 


Fig,2:  Antenna  pattern  estimate. 

power  in  each  image  is  the  same  regardless  of  the  antenna 
pattern,  causing  errors  in  the  Doppler  centroid  esti-mate. 

In  this  work  we  investigate  an  alternate  approach  to  Dop^ 
pier  centroid  estimation  for  ScanSAR,  which  can  be  used 
when  at  least  three  looks  are  available.  The  idea  is  to  use  the 
different  looks  of  the  same  scene,  which  are  weighted  by 
different  parts  of  the  antenna  pattern,  to  construct  an  esti¬ 
mate  of  the  antenna  pattern  itself.  Burst  intensity  images  are 
averaged  over  a  number  of  range  bins,  then  looks  are  ex¬ 
tracted  and  concatenated  as  shown  in  the  first  graph  of  Fig. 
2.  An  estimate  of  the  scene  intensity  is  obtained  by  look 
summation,  which  is  used  to  normalize  each  look  as  shown 
in  the  second  graph  of  the  figure.  In  the  concatenated  looks 
the  scene  intensity  is  periodic,  so  the  normalized  looks  are 
then  filtered  with  a  lowpass  filter  with  cutoff  frequency  equal 
to  the  inverse  of  the  length  of  a  look,  with  the  result  shown 
in  the  last  graph  of  the  figure.  This  estimated  antenna  pat¬ 
tern  is  used  to  estimate  the  Doppler  centroid  by  correlation. 
In  addition,  an  average  of  antenna  pattern  estimates  can  be 
used  directly  for  the  radiometric  correction. 

Burst  images  were  simulated  assuming  a  scene  with  a  20 
dB  drop  in  intensity  and  an  average  SNR  of  20  dB.  Assum¬ 
ing  a  system  with  3  looks,  the  average  Doppler  centroid  error 
in  the  ratio  of  images  approach  was  36  Hz,  compared  with  8 
Hz  for  the  new  method.  Finally,  both  methods  were  used  to 
estimate  Doppler  centroid  of  4-look  SIR-C  ScanSAR  data. 
Estimates  from  each  of  the  bursts  were  fit  to  a  bilinear  func¬ 
tion  in  range  and  azimuth,  and  the  standard  deviation  of  the 
estimate  from  a  single  burst  is  measured  from  the  difference 
from  the  fitted  function.  The  standard  deviation  with  the 
ratio  of  images  method  was  123  Hz,  and  with  the  new 
method  was  103  Hz.  The  results  indicate  that  the  new 
method  can  be  used  for  Doppler  centroid  estimation,  is 
slightly  more  accurate  than  the  ratio  of  overlapping  images 
approach,  and  is  less  sensitive  to  scene  contrast.  The  re¬ 
quired  accuracy  of  25  Hz  for  the  Doppler  estimation  for 


precise  radiometric  correction  can  be  achieved  by  averaging 
the  estimates  of  ca.  16  adjacent  bursts, 

V.  DISCUSSION 

The  proposed  algorithm  for  ScanSAR  image  formation  is 
suitable  for  high  precision  phase  preserving  processing.  For 
the  processing  of  the  data,  two  different  strategies  can  be 
used:  1)  Processing  the  available  bandwidth  (ca.  85  %  of 
PRF)  which  leads  to  different  number  of  looks  in  each  sub¬ 
swath  (i.e.  far  range  subswaths  have  greater  number  of 
looks),  2)  Processing  with  a  constant  number  of  looks,  which 
does  not  lead  to  a  constant  radiometric  resolution  in  the  full 
image  due  to  the  variation  of  the  signal-to-noise  ratio  in  each 
subswath.  Together  with  the  look  weighting  strategy  [1],  the 
processing  with  variable  look  number  can  be  used  in  order  to 
achieve  a  constant  radiometric  resolution  in  the  ScanSAR 
image.  Due  to  the  variation  of  the  transmitted  pulse  length 
and  the  variation  of  the  burst  length  the  ASAR  system 
achieves  also  a  relatively  constant  geometric  resolution. 

Fig.3  shows  the  result  of  the  image  processing  of  SIR-C 
ScanSAR  data  using  the  extended  chirp  scaling  algorithm. 
This  image  shows  the  region  of  Chickasha,  Oklahoma,  USA 
acquired  during  the  second  SIR-C  flight  (data  take  DT  82.1). 
Image  dimensions  are  236  x  252  km  in  ground  range  and 
azimuth,  respectively. 

The  main  difficulties  for  the  radiometric  correction  are  the 
estimation  of  Doppler  centroid  and  roll  angle.  Sections  III 
and  IV  showed  that  the  Doppler  centroid  estimation  is  not  a 
critical  point  if  a  large  number  of  azimuth  looks  is  used  in 
the  scanning  strategy.  However,  the  estimation  of  the  roll 
angle  requires  a  very  precise  knowledge  of  the  elevation 
antenna  patterns  which  should  be  obtained  by  in-flight  cali¬ 
bration  (e.g.  over  large  homogeneous  regions  like  rain  for¬ 
est).  The  overlap  of  the  elevation  antenna  patterns  of  adja¬ 
cent  subswaths  should  be  as  symmetrical  as  possible  in  order 
to  increase  the  accuracy  of  the  estimation  algorithm. 
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Abstract 

The  Range-Doppler  algorithm  has  long  been  a 
popular  method  for  the  digital  processing  of  S  AR 
data  from  spaceborne  platforms.  The  success  of 
this  algorithm  is  due  in  part  to  its  conceptual 
simplicity,  and  in  part  to  a  number  of  approxima¬ 
tions  which  reduce  the  computational  complexity 
of  the  method.  However,  the  widespread  use  of 
these  same  approximations  has  given  the  Range- 
Doppler  algorithm  the  (mostly  undeserved)  rep¬ 
utation  of  producing  inferior  image  quality,  espe¬ 
cially  with  regard  to  phase.  In  recent  years,  the 
Chirp-Scaling  algorithm  has  been  proposed  as  an 
alternative  to  Range-Doppler,  The  Chirp-Scaling 
algorithm  avoids  the  complicated  and  compu¬ 
tationally  expensive  interpolations  used  by  the 
Range-Doppler  algorithm  and  is  more  naturally 
phase  preserving.  RADARSAT  (single  beam) 
data,  in  view  of  its  moderate  squint  and  mul¬ 
tiple  PRF  Doppler  Centroid  excursion  across  an 
image,  is  a  good  test  case  for  both  algorithms. 
Atlantis,  with  the  support  of  the  Canada  Centre 
for  Remote  Sensing,  has  developed  a  desk  top 
software  processor  which  implements  both  the 
Range-Doppler  and  Chirp-Scaling  algorithms.  In 
this  paper,  a  comparison  is  made  between  the 
performance  of  the  two  algorithms  with  reference 
to  the  RADARSAT  sensor.  As  well,  issues  of  im¬ 
plementation  and  computational  complexity  are 
discussed, 

1.  Introduction 

The  Range-Doppler  algorithm  was  the  original  algorithm 
used  in  digital  processing  of  SAR  data  from  spaceborne 
platforms.  The  algorithm  provides  a  dramatic  increase 
in  processing  speed  over  a  simple  time  domain  corre¬ 
lation  approach  by  simultaneously  focusing  in  azimuth, 
all  targets  a  given  slant  range.  As  well,  the  algorithm 
naturally  accommodates  several  approximations,  which 
further  decreaise  the  processing  time  while  retaining  ade¬ 
quate  focus  quality.  However,  the  phase  fidelity  of  an  im¬ 
age  degrades  long  before  the  focus.  Hence  processors  that 


provide  good  focus  can  nonetheless  be  inadequate  for  ap¬ 
plications  requiring  precise  phase  information  (e.g.  inter¬ 
ferometry).  A  carefully  designed  Range-Doppler  proces¬ 
sor  can  be  phase  preserving,  but  because  of  the  need  for 
care  the  Range-Doppler  algorithm  cannot  be  said  to  be 
naturally  phase  preserving.  In  the  late  1980’s,  wavenum¬ 
ber  domain  algorithms,  which  are  naturally  phase  pre¬ 
serving,  were  introduced.  However,  these  new  algorithms 
shared  with  the  Range-Doppler  algorithm  the  need  for 
computationally  expensive,  and  potentially  inaccurate, 
interpolations.  This  problem  was  addressed  by  the  intro¬ 
duction  of  the  Chirp-Scaling  algorithm  [1]  [3]  [6],  which 
eliminates  the  need  for  such  interpolations. 

Atlantis  Scientific  has  developed  a  commercial  desk¬ 
top  software  SAR  processor  capable  of  processing  data 
from  a  number  of  sensors  including  RADARSAT.  (This 
work  was  supported  by  the  Canada  Centre  for  Remote 
Sensing.)  The  processor  implements  both  the  Range- 
Doppler  and  Chirp-Scaling  algorithms.  RADARSAT  is 
not  yaw  steered  to  reduce  the  Doppler  centroid,  and 
has  modes  combining  high  range  compression  bandwidth 
with  high  incidence  angle.  Thus  RADARSAT  data  is  a 
good  test  of  a  processor’s  ability  to  deal  with  moder¬ 
ate  squint.  As  well,  the  large  Doppler  centroid  excursion 
in  RADARSAT  data  (up  to  2.3  PRF’s)  provides  a  good 
test  of  a  processor’s  ability  to  deal  with  Doppler  centroid 
variation  across  a  scene. 

2.  Range-Doppler 

The  basic  problem  with  (correlation)  SAR  processing 
is  that,  in  the  time/time  domain,  the  range  migration 
curves  of  targets  at  the  same  ranges  are  not  coincident, 
and  the  range  migration  curves  of  targets  at  different 
ranges  intersect.  This,  combined  with  the  fact  that  fo¬ 
cusing  parameters  are  range  dependent,  means  that  pro¬ 
cessing  in  the  time/time  domain  can  only  be  done  one 
pixel  at  a  time,  an  intolerable  computational  burden. 
The  Range-Doppler  algorithm  uses  the  fact  that,  in  the 
time/frequency  domain,  the  range  migration  curves  of 
targets  at  the  same  range  are  coincident  and,  the  range 
migration  curves  of  targets  at  different  ranges  do  not  in¬ 
tersect.  In  the  Range-Doppler  algorithm,  after  compres- 
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sion  in  the  range  direction,  the  signal  data  is  converted 
to  the  time/frequency  domain.  The  return  for  all  tar¬ 
gets  at  a  given  range  is  extracted  along  the  appropriate 
range  migration  curve  and  compressed  using  standard 
FFT  convolution  techniques. 

The  Range- Doppler  algorithm  has  two  basic  draw¬ 
backs.  One  is  that  the  extraction  of  the  spectra  along 
the  range  migration  curves  requires  interpolation.  As  the 
range  migration  curves  are  not  parallel,  this  interpola¬ 
tion  cannot  be  achieved  by  fast  convolution  methods. 
Thus,  the  interpolation  is  slow,  and  the  short  interpo¬ 
lation  kernels  used  to  reduce  the  computational  burden 
can  introduce  errors  into  the  processing. 

The  second  drawback  is  the  fact  that  the  return 
from  a  point  target  is  not  perfectly  concentrated  on  the 
range  migration  curve  in  the  time/frequency  domain,  but 
spread  by  an  amount  that  depends  on  the  Doppler  fre¬ 
quency.  This  spreading  leads  to  a  degradation  in  range 
focus.  It  can  be  compensated  for  by  convolution  with  a 
frequency  dependent  reference  function,  a  process  know 
as  secondary  range  compression  [4]  This  convolution  can 
be  achieved  at  insignificant  computational  cost  by  mod¬ 
ifying  the  form  of  the  filter  used  in  range  compression. 
However,  this  processing  takes  place  in  the  time/time  do¬ 
main  where  no  frequency  information  is  available.  Thus, 
a  single  reference  function  is  used  to  approximate  the 
set  of  frequency  dependent  functions.  This  approxima¬ 
tion  can  lead  to  degradation  of  focus  and  loss  of  phase 
preservation.  (Alternatively,  secondary  range  compres¬ 
sion  can  be  accomplished  in  the  time/frequency  domain 
by  modifying  the  form  of  the  interpolation  kernel  used  to 
extract  the  spectra.  Unfortunately,  this  approach  leads 
to  an  non-trivial  increase  in  computational  cost.) 

3.  Chirp-Scaling 

In  the  Chirp-Scaling  algorithm,  range  compression  is 
done  in  the  time/frequency  domain,  rather  than  in  the 
time/time  domain.  The  algorithm  relies  on  the  fact  that 
small  changes  to  the  phase  of  the  data  can  cause  a  shift  in 
the  location  of  the  compressed  pulse  with  negligible  loss 
of  focus.  Shifts  are  applied  in  such  a  way  that  the  result¬ 
ing  range  migration  curves  from  scatterers  at  different 
ranges  are  parallel.  This  approach  allows  the  range  mi¬ 
gration  to  be  corrected  using  fast  convolution  techniques 
(which  are,  in  practice,  combined  with  the  range  com¬ 
pression  step).  Again,  the  secondary  range  compression 
and  primary  range  compression  steps  can  be  combined. 
However,  as  this  is  done  in  the  time/frequency  domain, 
there  is  no  need  to  ignore  the  frequency  dependence  of 
the  secondary  range  compression  reference  function. 

4.  Implementation  Issues 

Because  there  is  no  need  for  explicit  interpolation,  the 
Chirp-Scaling  algorithm  is  more  elegant  than  the  Range- 


Doppler  algorithm.  However,  although  the  absence  of  an 
interpolator  simplifies  the  implementation  with  respect 
to  the  Range-Doppler  algorithm,  there  are  a  number  of 
factors  which  complicate  the  implementation. 

1 .  Chirp-Scaling  requires  three  corner  turns  (data  trans¬ 
poses)  while  the  Range-Doppler  requires  only  one.  Fur¬ 
thermore,  in  Chirp-Scaling  the  second  corner  turn  oc¬ 
curs  before  range  compression  but  after  the  azimuth  FFT 
and  thus,  involves  a  larger  quantity  of  data.  In  our  im¬ 
plementation,  intermediate  results  are  stored  in  buffers. 
These  buffers  are  stored  in  memory,  if  sufficient  memory 
is  available.  Otherwise  the  buffers  are  stored  on  disk  in 
a  format  which  can  be  accessed  relatively  easily  either 
by  rows  or  by  columns.  The  type  of  buffer  used  and  the 
mechanics  of  the  disk  access  (if  needed)  are  hidden  from 
the  higher  levels  of  the  program. 

2.  During  range  compression,  all  samples  must  corre¬ 
spond  to  the  same  absolute  Doppler  frequency.  However, 
the  number  of  such  samples  is  limited  by  the  change  in 
Doppler  centroid  with  range,  the  PRF  and  the  processed 
azimuth  bandwidth.  For  RADARSAT,  this  number  will 
be  smaller  than  the  number  of  samples  in  a  data  line, 
which  means  that  range  compression  must  be  accom¬ 
plished  in  sections  (range  blocking).  The  most  straight¬ 
forward  method  to  accommodate  the  changes  in  Doppler 
centroid  is  to  store  the  azimuth  FFT’d  data  in  buffers 
that  are  greater  than  one  FFT  in  width,  providing  a 
frequency  excursion  of  greater  than  one  PRF  (see  e.g. 
[5]  pp.  1034-1035).  In  our  implementation  we  avoid  this 
cost  of  extra  space  at  the  cost  of  extra  data  transfers  and 
some  added  bookkeeping. 

3.  Range  resampling  and  slant  to  ground  range  conver¬ 
sion  can  be  conveniently  incorporated  into  the  Range- 
Doppler  algorithm,  but  not  the  Chirp  scaling  algorithm. 
In  our  implementation  range  resampling  and  slant  to 
ground  range  conversion  are  not  incorporated  into  the 
Range-Doppler  algorithm.  Instead,  a  separate  resam¬ 
pling  module  is  provided.  This  module  can  be  applied 
to  the  output  from  either  method. 

5.  Image  Quality 

The  major  contribution  to  the  difference  in  image  quality 
between  the  two  algorithms  (assuming  that  an  adequate 
interpolation  length  is  used  in  the  Range-Doppler  algo¬ 
rithm)  is  the  fact  that  in  the  Range-Doppler  algorithm, 
the  frequency  dependence  of  the  secondary  range  com¬ 
pression  correction  is  ignored.  The  approximate  phase  er¬ 
ror  in  the  transfer  function  due  to  the  use  of  a  frequency 
independent  secondary  range  compression  function  is 


with  r  the  slant  range,  loq  the  angular  frequency  of  the 
carrier,  w  the  instantaneous  angular  frequency  of  the 
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pulse  modulation,  the  azimuth  wavenumber,  and 
the  azimuth  wavenumber  corresponding  to  the  Doppler 
centroid  ([2]  p  712).  The  maximum  phase  correction  er¬ 
ror  increases  quadratically  with  range  compression  band¬ 
width  and  linearly  with  Doppler  centroid.  Thus,  the 
worst  RADARSAT  case  is  a  fine  beam  mode  near  the 
equator  where  the  squint  is  highest.  The  worst  case  phase 
errors  at  the  edge  of  the  processed  bandwidth  will  be 
about  .20  radians  for  the  fine  beam  modes,  .04  radians  for 
the  standard  beam  modes,  and  .025  radians  for  the  wide 
beam  modes.  This  suggests  that  the  differences  in  image 
quality  between  the  two  algorithms  should  be  small  or 
negligible  for  the  wide  and  standard  modes,  while  the 
phase  preservation  of  the  Range-Doppler  method  may 
be  somewhat  inferior  to  the  Chirp-Scaling  method  for 
the  fine  beam  modes. 

6,  Summary 

Both  the  Range-Doppler  (with  frequency  independent 
secondary  range  compression)  and  the  Chirp-Scaling  al¬ 
gorithms  seem  resisonable  approaches  to  the  precision 
processing  of  RADARSAT  data.  The  Chirp-Scaling  al¬ 
gorithm  is  slightly  more  complex  in  implementation,  but 
promises  slightly  better  image  quality  in  some  extreme 
cases. 
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Abstract-Traditionally,  Spacecraft  Synthetic  Aperture  Radar 
(SAR)  processing  has  been  performed  on  ground.  This  is 
mainly  due  to  the  huge  amount  of  computation,  high 
reliability  and  resources  that  SAR  processors  require. 
However,  new  space-qualified  technology  will  offer  an 
adequate  scenario  for  producing  medium  resolution  SAR 
images.  In  this  framework,  this  paper  presents  a  comparative 
study  among  the  most  appropriate  algorithms  for  on-board 
implementation.  A  fecisibility  assessment  and  a  quality 
anrilysis  of  the  identified  processors  for  on-board  SAR 
medium  resolution  imagery  c"ire  provided. 

INTRODUCTION 

Spaceborne  Synthetic  Aperture  Radar  (SAR)  plays  an 
important  role  for  E^irth  Observation,  since  it  provides  all- 
weather  global  coverage.  However,  SAR  images  are  not 
directly  available  because  data  processing  usually  takes  place 
on  ground.  A  new  space  qualified  Digital  Signal  Processor 
(DSP)  that  will  become  available  for  ESA  will  provide  the 
possibility  of  medium  resolution  on-board  image  generation. 
It  will  offer  imporuint  savings  in  down-link  data  rate  and  will 
enable  direct  delivery  to  potential!  users.  Medium  resolution 
imagery  is  b^ised  on  processing  a  decimated  image  without 
loss  of  qucdity  if  multilooking  is  also  carried  out. 
Consequently,  the  final  data  volume  is  lowered  and  further 
reduction  is  possible  by  image  compression. 

This  paper  identifies  and  assesses  different  processing 
techniques.  The  proposed  algorithms  have  been  implemented 
in  high  level  language  and  their  performances  have  been 
ev^Uuated  in  terms  of  image  quality  iind  computation  costs.  It 
is  concluded  that  a  compromise  among  resolution, 
radiometric  quality  and  computing  cost  must  be  adopted 
according  to  the  available  resources. 

BASIC  THEORY 

Some  simplifications  have  been  made  along  this  paper  and 
must  be  considered  in  order  to  extrapolate  the  results.  A 
quadratic  approximation  for  the  Doppler  phase  history  and  the 
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transmitted  wavefonn  has  been  adopted.  SAR  processors 
need  a  Doppler  parameter  estimator  that  has  not  been  taken 
into  account.  If  the  range  decimation  is  large  enough  for  the 
amount  of  range  migration  to  be  less  than  a  fin^d  ninge  bin, 
then  the  range  curvature  does  not  need  correction.  This  is  the 
approach  we  have  followed,  which  is  usually  valid  for  a  C  or 
X  band  radar.  It  allows  us  to  carry  out  a  Range-Doppler 
processor  in  which  azimuth  and  ninge  decorrelation  c^in  be 
isolated  and  simplified  compjired  to  convention^d  algorithms. 

System  Impulse  Response 

Under  the  aforementioned  assumptions,  the  phjise  of  the 
system  impulse  response  h  has  two  independent  contributions 
coming  from  the  Doppler  history  and  from  the  delayed 
transmitted  chirp  and  it  is  given  by 

h{s,t)  =  CA{s)exp(jd>J^s)+jKKp'),  (1) 

0^(5)  =  -AnR/X  +  nf^{s-  ^ 

where  t  is  time,  ^  is  slow  time  [1],  C  is  a  consUint,  ^4(5)  is 
the  antenna  gain,  is  the  skint  range  distance  in  the  broad 
side  angle,  is  the  beam  center  offset  time,  X  is  the  racku* 
wavelength,  is  the  Doppler  Centroid  Frequency,  4  is  the 
Doppler  frequency  modulation  (EM)  rate  and  K  is  the 
transmitted  chirp  FM  rate. 

A  SAR  processor  must  decorrelate  the  system  contribution 
from  the  raw  data  in  order  to  reconstruct  the  radar  cross 
section.  This  can  be  achieved  by  different  techniques  and  the 
most  significant  ones  are  described  below. 

MEDIUM  RESOLUTION  SAR  TECHNIQUES 

Fast  Frequency  Convolution 

Fast  Frequency  Convolution  (FFC)  is  one  of  the  most 
widely  used  methods  and  it  is  a  good  reference  for 
comparison.  It  performs  one-dimensional  Fast  Fourier 
Transform  (FFT),  reference  multiplication  and  inverse  FFT 
(IFFT)  in  smaller  sub-lines  that  correspond  to  different  looks. 

The  FFT  data  length  must  be  at  least  as  large  as  the 
corresponding  reference  templates  and  as  large  as  possible  for 
efficiency  reasons.  Therefore,  FFC  involves  the  use  of  kirge 
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comer-tum  memory  blocks.  This  requirement  can  be  relieved 
by  filtering  and  down-sampling  the  incoming  data,  but  this 
operation  is  also  very  time  consuming  and  does  not  bring 
much  benefit  apart  from  reducing  the  initial  size  of  the  FFT’s 
i\s  it  is  shown  in  following  sections. 

Unfocused  Processing 

The  unfocused  Jizimuth  processing  relies  on  a  coherent 
integration  of  the  unfocused  synthetic  aperture.  The  aperture 
length  is  limited  by  the  maximum  phase  error  tolerated  by  the 
system  [1].  If  it  is  bounded  by  n/4,  then  the  best  available 
azimuth  resolution  5x  is  fixed  and  equal  to  JrX/2,  letting  R 
be  the  slant  range  distance.  The  resolution  restriction  is  the 
principal  disadvantage  of  this  simple  method,  in  which  the 
azimuth  lines  that  form  the  unfocused  aperture  are  merely 
weighted  and  added.  The  weighting  window  consists  of  a 
band  pass  filter  centered  on  Azimuth  multilooking  may 
also  be  re^dized  by  a  filter  bank  consisting  of  different 
Doppler  bands.  Nevertheless,  increasing  phjise  errors  in  looks 
located  far  from  resmdn  this  strategy.  Range  processing  is 
applied  by  means  of  the  previously  explained  FFC  method 
after  azimuth  compression  in  order  to  save  computation  time. 
Since  azimuth  processing  takes  place  before  range  down- 
sampling,  the  range  migration  phenomenon  is  more  critical. 

Specmd  Analysis 

An  efficient  method  for  quadratic  chirp  compression  is  the 
deramping  md  spectral  analysis  technique  described  in  [1]- 
[2].  It  first  performs  a  multiplication  by  the  reference  chirp 
isolating  target  positions  at  different  frequency  tones.  An 
efficient  spectral  estimator  like  FFT  is  then  applied  in  order  to 
get  the  UiTget  position.  This  method  allows  efficient  look 
extraction,  since  data  is  processed  in  bursts  and  the  total 
amount  of  processed  data  depends  on  the  preferred 
radiometric  quality. 

This  technique  can  be  applied  to  azimuth  and  range 
processing,  since  both  are  modeled  by  quadratic  chirp 
waveforms.  However,  the  main  drawback  of  this  approach  in 
the  case  of  azimuth  processing  is  the  system  dependence  on 
which  varies  along  the  satellite  orbit.  For  a  fixed  choice  of 
FFT  length,  the  output  daUi  rate  and  the  inter-look  pixel 
mismatch  depend  on  4.  This  problem  can  be  solved  by 
resampling,  which  is  not  considered  in  the  study. 

COMPARATIVE  STUDY 

The  SAR  processing  techniques  mentioned  above  have 
been  tested  over  ERS-1  real  data  and  a  simulated  point  target. 
The  selected  raw  data  set  represents  an  area  of  70  by  70  Km 
acquired  over  the  Flevoland  test  site.  Five  algorithms  have 
been  isolated  for  comparison:  Standard  FFC  in  range  and 


azimuth  (FFC),  FFC  with  a  pre-filtering  stage  (Pre-FFC), 
unfocused  processing  plus  range  FFC  (Unf),  range  FFC  plus 
azimuth  Specan  (Spe),  Specan  in  range  and  £izimuth  (Spe2D). 

In  order  to  perform  a  proper  comparison,  the  same  number 
of  looks  and  close  decimation  ratios  have  been  selected. 
Ratios  of  32^-4 1.5  (8  looks)  in  azimuth  (azi)  and  6.7-8  (3 
looks)  in  range  (rng)  have  been  used  for  Table  I  and  Table  IL 
The  resulting  multilook  image  has  a  pixel  spacing  in  the  order 
on  160  m  in  azimuth  and  projected  slant  range  (fan-shape 
interpolation  is  not  considered).  A  data  volume  reduction  by  a 
factor  640  over  raw  data  is  achieved  without  considering 
image  compression. 

Table  I  shows  some  resulting  image  quality  p^irameters. 
The  Equivalent  Number  of  Looks  (ENL)  measured  over 
uniform  sea  regions  in  Flevoland  evaluates  the  multilook 
effectiveness.  The  Integrated  Side  Lobe  Ratio  (ISRL,  ESA 
ERS-1  method)  and  the  Spatial  Resolution  in  pixels  (SR)  have 
been  obtained  following  [3]  over  an  ERS-1  simulated  point 
target. 

The  FFC  algorithm  produces  better  image  quality  and  the 
Pre-FFC  presents  the  poorest  results.  Nevertheless,  ^dl  of  them 
show  a  similar  high  quality  that  is  due  to  the  much  coiaser 
grid  produced  by  the  decimation  compared  to  the  high 
resolution  case. 

The  computational  assessment  is  the  most  importiint  factor 
in  the  selection  of  the  most  suitable  algorithm  for  on-board 
purposes.  The  five  algorithms  have  been  implemented  in 
ANSI  C  on  a  SUN  SPARC  10  and  the  resulting  processing 
times  are  given  in  Table  1.  This  allows  us  to  make  ^in 
estimation  of  the  real  time  cost  in  terms  of  computation  and 
memory  requirements.  Some  parallel  floating  point 
computing  is  available  for  the  ADSP  21020  DSP.  Therefore, 
the  processing  time  ciin  be  estimated  by  the  number  of  real 
multiplications  per  input  point  needed  to  implement  the 
jUgorithms  (final  square  root  operation  is  not  considered). 
Table  II  shows  these  relevant  p^irtuneters.  The  number  of 
DSP’s  has  been  evaluated  considering  two  main  ^issumptions. 
The  first  one  is  that  incoming  data  lines  have  4096  samples 
with  a  PRF  equal  to  1678  Hz  and  the  second  one  is  that  the 


Table  I.  Simulation  results 


Parameters 

FFC 

Pre-FFC 

Unf 

Spe 

Spe2D 

Ratio  azi/rng 

32/8 

40/8 

39/8 

41.5/8 

41.5/6.7 

ENL 

24 

21.5 

23.7 

23.2 

23.2 

ISLR  (dB) 

-16.5 

-15.4 

-17.3 

-17.3 

-16.2 

SR  azi  (pix) 

1.20 

1.29 

1.25 

19 

■9 

SR  rng  (pix) 

1.21 

1.27 

1.26 

la 

19 

Time  (s) 

763 
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Table  II.  Estimated  computational  costs 


Parameters 

FFC 

Pre-FFC 

Unf 

Spe 

Spe2D 

#Mul/input 

74 

33 

47 

15 

6 

#DSP 

20 

9 

13 

4 

2 

Memory  req.* 

high 

high 

low 

low 

low 

*  high  represents  more  than  16  Mbyte,  low  less  than  1  Mbyte 


DSP  uses  a  25  MHz  clock  rate. 

The  same  number  of  looks  in  azimuth  and  range  has  been 
extracted  by  all  the  algorithms  for  the  calculation  of  Table  II 
(24  looks).  Nevertheless,  each  algorithm  is  speci^dly  efficient 
under  different  conditions.  More  particularly,  the  unfocused 
method  is  not  very  convenient  for  azimuth  multilooking, 
which  turns  it  into  a  very  time-consuming  procedure. 

In  a  more  general  analysis,  a  comparison  of  the  algorithm 
performances  over  a  broad  range  of  resolutions  is  illustrated. 
As  the  m^iximum  number  of  available  looks  is  different  for 
each  algorithm  (pre-filtering  stages  decrease  multilook 
capability),  two  scenarios  ^ire  comp^ired:  the  first  one  with 
single  look  processing  iind  the  other  with  maximum  number 
of  looks. 

In  the  first  case.  Fig.  1  shows  that  Specan-based  techniques 
are  the  least  time-consuming  and  FFC  is  the  most  expensive 
method.  That  is  due  to  the  total  spectrum  computation  that 
FFC  produces  independently  of  the  desired  number  of  looks. 
On  the  contrary,  Specan-based  techniques  Ccury  out  a  much 
more  efficient  multilook  extraction  as  sjiid  previously. 

For  the  second  scheme.  Fig.  2  describes  the  expected 
computational  load  when  maximum  number  of  looks  are 
processed  (optimum  quality).  Ec^irly  down-sampling  stages 
reducing  the  available  number  of  looks  cause  the  Pre-FFC  and 
unfocused  methods  to  be  the  legist  adequate.  In  contrast, 
Specan  techniques  provide  a  very  good  trade-off  between 
computation  requirements  and  multilook  achievement. 


-S 


f  \ 


N 


.  Pre-FFC’ 


Specan 

Specan2D 


50  100  150  200  250  300 

Pixel  spacing  in  m. 

Fig.  2.  Multiplications  per  look  and  input  (m^iximum  looks) 


CONCLUSIONS 


The  main  purpose  of  this  paper  has  been  to  identify  ^ind 
evaluate  several  algorithms  for  on-board  medium  resolution 
imagery.  It  appe^irs  that  FFC  techniques  £tre  very  accurate,  but 
they  require  high  computation  efforts  md  a  kirge  amount  of 
memory.  On  the  contrary,  unfocused  processing  offers  a  very 
simple  method  when  restricted  resources  ^ire  available, 
although  it  presents  main  limikitions  on  resolution  md 
multilooking.  Finally,  Specan-based  techniques  offer  the  best 
compromise  between  quality  and  computational  load.  They 
do  not  require  large  storage,  need  fewer  number  of  operations 
and  offer  acceptable  image  quality.  Specan  in  both  dimensions 
turns  out  to  be  the  most  suitable  choice  for  on-board  imagery 
and  it  is  also  appropriate  for  multi-swath  data  processing. 

It  is  concluded  that  on-board  SAR  medium  resolution 
image  generation,  producing  an  important  daki  rate  reduction 
and  direct  image  distribution,  will  be  feasible  with  the  new 
technology  developed  by  ESA.  The  next  step  in  the 
development  of  an  on-board  SAR  system  will  be  the 
definition  of  an  jirchitecture  based  on  four  DSP’s  and  the 
implementation  of  the  selected  algorithm. 


FFC: 


Pre-FFC: 


3 


Uiifocus 
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Specaii 
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Fig.  1.  Multiplications  per  input  point  (one  look) 
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Abstract  -  -  This  paper  gives  a  first  insight  into  the  eval¬ 
uation  of  multifrequency  and  multipolarisation  data  in 
repeat-pass  SAR  interferometry.  A  method  for  ”  coherence 
synthesis”  i.e.  for  the  calculation  of  the  interferometric  co¬ 
herence  for  any  possible  combination  of  the  polarimetric 
state  of  the  transmitting  and  the  receiving  antennas  be¬ 
tween  the  two  passes  is  presented.  First  results  of  the 
application  of  this  technique  indicate  the  potential  of  the 
application  of  polarimetric  techniques  in  interferometry. 

INTRODUCTION 

The  phase  of  a  radar  signal  received  from  a  resolution  cell 
can  be  composed  of  two  different  parts.  The  first  one  is 
of  a  deterministic  nature,  which  results  from  the  distance 
between  the  center  of  the  resolution  cell  and  the  antenna, 
and  is  proportional  to  the  ratio  of  the  distance  to  the  wave¬ 
length.  The  second  part  is  a  statistical  contribution,  which 
results  from  the  interaction  of  the  transmitted  signal  with 
the  scatterer  inside  the  resolution  cell,  and  has  the  effect 
of  a  random  phase  shift.  Illuminating  the  same  area  with 
two  antennas  from  different  spatial  locations  and,  there¬ 
fore  different  look  angles  leads,  to  the  assumption  that  the 
statistical  phase  shift  is  about  the  same  for  both  received 
signals.  Their  phase  difference  is  deterministic  and  corre¬ 
sponds  to  the  path  difference  of  both  signals.  This  phase 
difference  is  called  interferometric  phase, 

INTERFEROMETRIC  COHERENCE 

The  interferometric  coherence  corresponds  to  the  normal¬ 
ized  mean  complex  product  of  both  complex  signals 
und  and  is  defined  as: 


where  <  ...  >  means  the  expectation  value  and  *  is  the 
complex  conjugation  operator.  The  absolute  value  of  the 
interferometric  coherence  varies  between  0  and  1.  The  co¬ 
herence  is  a  maximum  (7  =  1)  if  both  signals  are  identical, 
and  vanish  (7  =  0)  if  the  signals  do  not  correlate.  The 
decorrelation  of  the  signals  is  caused  by  several  factors: 

•  The  different  look  angles  for  both  signals  correspond  to 
different  parts  of  the  range  reflectivity  spectra  of  the 
scatterer.  The  bigger  the  difference  of  the  look  an¬ 
gles,  the  smaller  the  common  part  of  the  reflectivity 
spectra  in  both  signals  and  ergo  their  coherence  [l],[2]. 
The  same  effect  occurs  in  the  azimuth  direction  where 
different  squint  angles  coresponds  to  different  azimuth 


Doppler  spectra. 

•  Additive  noise  in  either  signal,  e.g.  thermal  noise  or 
receiver  noise,  leads  to  a  reduction  of  the  coherence. 

•  Processing  artifacts  and  defocusing  contribute  to  both 
systematic  and  random  errors. 

•  Volume  scattering  effects  introduce  a  ’’randomness”  in 
the  phase  and  reduce  the  coherence. 

If  the  two  signals  are  not  received  at  the  same  time 
but  at  different  times  during  two  nearly  exact  repeating 
passes  over  the  same  area  the  following  additional  tempo¬ 
ral  decorrelation  effects  decrease  the  coherence: 

•  changing  of  the  scattering  geometry  within  the  resolu¬ 
tion  cell  during  the  time  between  the  two  acquisitions, 

•  changing  of  the  physical  properties  of  the  scattering 
mechanisms  during  the  time  between  the  two  acqui¬ 
sitions, 

•  changing  of  the  behaviour  of  the  propagation  medium 
(atmospheric  effects). 

The  amount  of  temporal  decorrelation  describes  processes 
occurring  on  size  scales  on  the  order  of  the  signal  wave¬ 
length  with  a  time  resolution  defined  by  the  repeat  time 
interval.  This  sensitivity  of  the  coherence  for  changes  in 
the  characteristics  of  the  scattering  mechanisms  in  time 
can  be  used  for  the  understanding  and  the  detection  of  a 
wide  variety  of  scattering  and  penetration  processes. 

COHERENCE  MAPS 

For  these  investigations,  data  from  the  Space  Shuttle- 
borne  SIR-C/X-SAR  radar  system  which  was  flown  twice 
in  1994  are  used.  SIR-C/X-SAR  provided  for  first  time 
imaging  in  three  different  frequencies  (L-,  C-,  and  X- 
band)  and  multipolarization  (in  L-  and  C-band).  Data 
from  the  Tien  Shan  test  site  acquired  on  October  8  and 
9,  1994  (data  takes  122.20  and  154.20)  were  provided  by 
NASA/JPL  as  single-look  complex  SAR  images.  The  lin¬ 
age  area  is  near  the  southeastern  edge  of  lake  Baikal  in 
Russia  (latitude:  52.16°,  longitude:  106.67°).  Fig.  1. 
shows  the  C-band  SAR  image  of  this  region  in  HH  polar¬ 
isation.. 

Before  forming  the  interferogram  the  complex  image 
pair  was  separately  filtered:  a)  spectral-shift  range  fil¬ 
tering  was  applied  in  order  to  minimize  baseline-induced 
decorrelation  and  b)  filtering  to  a  common  Doppler  band 
in  the  azimuth  direction  was  applied  to  eliminate  decor¬ 
relation  due  to  the  Doppler  centroid  difference  between 
the  two  images.  After  coregistration  using  the  maximum 
spectrum  method,  the  interferogram  was  formed  by  mul¬ 
tiplying  the  first  image  with  the  complex  conjugate  of  the 
second,  and  then  filtered  using  an  average  window  size  of 
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5  (in  range)  and  7  (in  azimuth)  in  order  to  reduce  the 
phase  noise.  The  coherence  images  are  evaluated  from 
equation  (1)  using  an  average  window  of  5  resolution  cells 
in  range  and  5  in  azimuth.  Fig.  2.  shows  the  coherence 
maps  in  C-band  using  HH-polarization  for  both  images. 
Fig.  3.  shows  a  coherence  map  in  the  L-band  generated 
also  from  images  having  HH-polarization.  Fig.  4.  shows 
the  coherence  map  in  the  L-band  obtained  by  using  HV- 
polarization  for  both  images.  Finally  Fig.  5.  shows  a  co¬ 
herence  map  in  L-band  obtained  by  using  HH-polarization 
for  the  first  image  and  VV-polarization  for  the  second  im¬ 
age.  The  areas  of  high  coherence  observed  in  the  interfer- 
ograms  generated  from  the  combination  of  HH-  and  VV- 
polarization  stem  from  the  fact  that  the  scattering  centers 
producing  these  areas,  though  different  in  the  two  polar¬ 
izations,  are  correlated  (hence  coherent)  to  each  other  over 
the  time  between  the  two  observations.  This  first  results 
demonstrate  very  clear  the  strong  dependency  of  the  co¬ 
herence  on  the  polarisation. 


combination  of  the  polarimetric  state  of  the  transmitting 
and  receiving  antennas.  Thus  we  can  speak  here  about 
’’interferometric  coherence  synthesis”.  Fig.  6.  shows  a 
’’synthesized”  coherence  map  in  L-band  produced  from 
an  interferogram  which  is  generated  from  images  having 
left-hand  circular  polarization.  The  ’’coherence  synthe¬ 
sis”  gives  the  possibility  to  apply  polarimetric  techniques 
in  the  interferometric  analysis.  This  would  improve  the 
classification  of  different  scattering  mechanisms  as  well  as 
the  determination  of  the  optimal  polarisation  which  gives 
the  highest  coherence  and  hence  the  most  accurate  phase 
for  DEM  generation.  Analysis  on  the  available  SIR-C  data 
shows  strong  effects  but  allows  no  clear  interpretation  due 
to  residual  uncertainties  in  the  polarimetric  callibration. 
Proper  calibration  of  the  data  is  required  to  fully  exploit 
the  potential  of  polarimetric  repeat  pass  interferometric 
data. 

CONCLUSIONS 


COHERENCE  SYNTHESIS 

For  polarimetric  radar  systems  we  obtain  a  measured  2x2 
complex  scattering  matrix  [  S]  for  each  resolution  element. 
The  knowledge  of  the  scattering  matrix  in  one  polarization 
basis  permits  the  calculation  of  the  corresponding  scatter¬ 
ing  matrix  for  any  other  orthogonal  (X,  Y)-polarisation 
basis . 

[^]xY  =  [^]'^[S]hv[1^]  (2) 

where  [ is  the  transposition  oi[U].  [ ]  is  a  complex 
2x2  unitary  transformation  matrix  defined  by: 

exp{jjl;A)  -p*  exp{jijB) 
pexp{jTpA)  exp{ji)B) 


The  coherence  analysis  of  the  polarimetric  data  shows 
some  problems,  which  are  still  unclear.  We  suppose  that 
these  problems  are  due  to  the  insufficient  accuracy  of  the 
polarimetric  calibration.  Further  studies  about  the  depen¬ 
dence  of  the  coherence  on  the  polarization  and  frequency 
and  on  a  more  exact  treatment  of  the  scattering  mech¬ 
anisms  are  being  carried  out.  We  see  the  great  poten¬ 
tial  of  fuU-polarimetric  and  multi-frequency  repeat  pass 
interferometry  as  these  first  results  have  shown.  FuU- 
polarimetric  and  two  frequency  repeat-pass  interferomet¬ 
ric  radar  systems  can  be  optimally  developped  to  be  a  ac¬ 
curate  and  powerfuU  tool  for  land  classification  and  DEM 
generation.  First  results  with  multifrequency  interfero¬ 
metric  data  have  demonstrate  an  accurate  generation  of 
DEMs  and  classification  maps  using  both  L-  and  X-band 
frequencies. 


p  is  defined  as  the  polarization  ratio  and  can  be  expressed 
in  terms  of  the  orientation  angle  x  (which  varies  from  —90® 
to  90°)  and  the  elUpticity  angle  (j)  (which  varies  from  —45° 
to  45°)  of  the  polarization  ellipse  as  foUows: 

cos  20  sin2x  +  j  sin  20  .  . 

^  1  H-  cos  20  cos  2x 

The  phases  0^  and  0^  represent  the  absolute-zero  phases 
of  the  new  polarimetric  basis.  Their  absolute  knowledge  is 
not  important  because  it  is  not  characteristic  for  the  po¬ 
larization  state  of  the  wave.  But  from  the  interferometric 
point  of  view  it  is  important  to  use  the  same  phases  for 
the  transformation  of  both  scattering  matrices.  For  the 
present  investigation  we  set  0^  =05  —  0.  Hence,  the 
unitary  transformation  matrix  [  27  ]  is  expressed  in  terms 
of  the  complex  polarization  ratio  p. 

The  possibility  of  transforming  the  scattering  matrix 
in  any  orthogonal  polarimetric  basis  thus  permits  the  cal¬ 
culation  of  the  interferometric  coherence  for  any  possi¬ 
ble  polarimetric  combination  of  the  transmitting  and  re¬ 
ceiving  antennas  between  the  two  interferometric  passes. 
Analogous  to  the  ’’polarization  synthesis”  technique,  that 
permits  the  calculation  of  received  power  for  any  possible 
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Fig.  2.  C-band  coherence  map  (Image  1:  HH  Image  2:  HH) 


Fig.  5.  L-band  coherence  map  (Image  1:  HH  Image  2:  VV) 


Fig.  3.  L-band  coherence  map  (Image  1:  HH,  Image  2:  HH)  p-  g  L-band  coherence  map  (Image  1:  QO  Image  2:  QO) 
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Abstract  -  In  this  paper,  we  address  the  problem  of  focusing 
Synthetic  Aperture  Radar  (SAR)  images  for  wide  azimuth 
angle  of  observation.  In  these  applications  a  second  order 
polynomial  approximation  does  not  accurately  fit  the  phase 
term  due  to  the  platform  motion.  Therefore,  image  focusing 
requires  higher  order  polynomial  approximation.  We  propose 
a  simple  and  effective  autofocusing  method  based  on  the 
contrast  optimisation  of  the  image.  We  also  present  and 
discuss  simulation  results  to  illustrate  the  effectiveness  of  the 
method. 


INTRODUCTION 

Synthetic  Aperture  Radar  (SAR)  imaging  requires 
the  estimate  of  the  platform  motion  parameters  to  determine 
the  phase  term  necessary  for  the  azimuth  compression.  The 
commonly  used  approach  is  to  model  the  phase  term  due  to 
the  motion  as  a  second  order  polynomial  depending  on  two 
parameters  and  fy  [1].  These  parameters  represent  the 
Doppler  spectrum  centroid  and  the  Doppler  frequency  rate, 
respectively;  can  be  estimated  according  to  different 
methods  such  as  clutterlock  techniques  (CDE)  and  Sign 
Doppler  Estimation  (SDE),  while  fy  can  be  evaluated  by 
means  of  autofocus  techniques  such  as  subaperture 
correlation  method.  In  the  case  of  wide  observation  angle  ,  as 
can  occur  in  Spot-light  SAR,  or  in  Strip-map  SAR  when  a 
wide  azimuth  antenna  beamwidth  is  used,  a  second  order 
polynomial  approximation  does  not  accurately  fit  the  phase 
term  due  to  the  motion.  In  these  applications  (Wide  Azimuth 
Angle  SAR  imaging),  it  is  necessary  to  consider  higher  order 
polynomial  approximations. 

In  this  paper,  the  typical  Spot-light  SAR  geometry  is 
considered  [2], [3].  During  data  collection,  the  sensor  steers 
its  antenna  beam  to  continuosly  illuminate  the  surface  patch 
being  imaged.  Hence,  real  antenna  beamwidth  does  not  limit 
the  variation  of  the  aspect  angle  as  in  Strip-map  SAR;  so  that, 
finer  azimuth  resolution  is  achievable.  However,  as  the 
variation  of  aspect  angle  increases,  a  second  order 
polynomial  fitting  does  not  accurately  approximate  the  phase 
term  due  to  the  motion  and  higher  order  polynomials  must  be 
considered.  Because  of  the  trajectory  symmetry  the  phase 
term  due  to  the  motion  is  approximated  as  a  polynomial 
where  only  the  even  order  terms  are  retained. 

In  the  sequel,  the  effects  of  the  fourth  order  term  on  the  pulse 
response  of  the  imaging  system  are  investigated  and  a 
criterion  is  proposed  to  determine  the  maximum  allowable 
phase  error.  Then,  a  method  for  the  image  focusing  based  on 
the  estimation  of  the  coefficients  of  the  second  and  fourth 
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order  phase  terms  is  proposed.  The  method  makes  use  of  an 
imaging  system  response  model  depending  on  two 
coefficients  a,  (i.  The  estimates  of  a  and  P  are  obtained  by 
maximising  a  measure  of  the  focusing  efficiency:  the  contrast 
of  the  image. 

SPOT-  LIGHT  SAR  SIGNAL  MODEL 


A  Spot-light  SAR  receives  energy  backscattered  from  a 
multitude  of  scatterers  in  the  illuminated  area  A  (Fig.l).  The 
Fourier  Transform  of  the  received  signal  complex  envelope 
Sj^(f„,/)can  be  expressed  by  [2]: 


Sr  (^K  //)  =  Sj-  (/)  j /(^)e  Ax  rect\ 


^  t  ^ 
^obs 


(1) 

where  Sjif)  is  the  complex  envelope  of  the  transmitted 
signal;  t„  =nTp^  {Tr  is  the  pulse  repetition  interval)  is  the 
time  at  which  the  n-th  pulse  is  transmitted  (slow  time); 

is  the  distance  from  the  antenna  phase  centre 
(APC)  to  the  scatterer  located  at  the  point  x  in  the  system  of 
coordinates  shown  in  Fig.  1;  f(x)  is  a  complex  function 
related  to  the  backscattering  coefficient  of  the  illuminated 
surface. 

By  introducing  the  following  approximation: 


|RU,t„)|  =  |R(0,f„)|+x.|||^  (2) 

where  \R(Q.f^n'^\  is  the  distance  from  the  APC  to  the  origin 
O  of  the  system  of  coordinates  fixed  on  the  scene,  we  have: 


SR(tn,f)^ST{f)e 


jf(x)e  rect{t„lTgf,g) 

A 


(3) 


where  X  =  (Xj ,  X2 )  = 


Equation  (3)  highlights  that  can  be  related  to  the 

Fourier  Transform  of  fix).  So  that,  a  smoothed  version  of 
fix)  (SAR  image)  can  be  obtained  by  removing  the  phase 
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term  due  to  the  motion  of  the  APC  and  by  taking  the  inverse 
Fourier  Transform  of  the  result.  In  the  sequel,  we  will  not 
account  for  the  problem  of  the  range  curvature  will  be 
considered  in  the  definition  of  the  imaging  algorithm. 

For  the  sake  of  simplicity,  let  us  consider  an  ideal  point 
scatterer  located  in  the  origin  O,  and  assume  that  a 
cosinusoidal  signal  is  transmitted.  In  this  case,  we  have 
fix)=S(x),  Sj(f)=S{f)  and  (3)  becomes: 

SR(t„,f)  =  5(f)e  c  rect{t„IT„i„)  (4) 

To  estimate  the  distance  |^(0,f„)|,  we  consider  its  Taylor’s 

approximation  where  only  the  even  order  terms  are  retained 
because  of  the  trajectory  symmetry: 

where  a  ~  v^JiRq  ;  8Rq 

To  investigate  the  effects  of  the  fourth  order  term  in  (5),  let 
us  refer  to  the  plot  of  Fig. 2.  It  shows  the  SAR  images 
obtained  for  different  values  of  the  maximum  phase  variation 

A  =  7rfaV^T^„^l(^64cRl'^  when  a  is  exactly  known.  In  the 
plot,  the  amplitude  is  scketched  as  a  function  of 
where  Ax^  is  the  azimuth  resolution  given  by 
Axi  =  IXqIj^/XRq  [4].  Note  that,  as  A  increases,  the  main 
lobe  widens  and  its  amplitude  decreases  so  that  the  spatial 
resolution  gets  worse.  The  effects  of  the  fourth  order  term 
can  be  neglected  if  the  maximum  phase  variation  is  less  than 
71/2. 

So,  when  the  system  is  designed  to  obtain  very  high  azimuth 
resolution,  as  in  Spot-light  SAR  with  wide  variation  of  the 
aspect  angle,  the  fourth  order  term  must  be  removed. 

FULL-FOCUSING  OF  SAR  IMAGES 

To  remove  the  phase  term  due  to  the  motion  of  the  APC  with 
respect  to  the  centre  of  the  illuminated  area,  we  propose  an 
iterative  procedure  based  on  the  following  steps: 

i)  trying  to  compensate  the  phase  by  multiplying 

by  the  term  exp|y4;r(/+/o)(at^  +  Pt^)l cj, 

where  a  and  P  are  the  first  guess  of  the  second  and  the  fourth 
order  coefficients  respectively; 

ii)  constructing  a  trial  image  I(xi,X2,oc,p)  by  means  of  the 
Inverse  Fourier  Transform; 

iii)  calculating  a  functional  of  the  image  that  represents  the 
degree  of  focus  of  the  image; 

iv)  adjusting  a  and  P  and  repeating  the  steps  i)  -  iii)  until  the 
degree  of  focus  is  maximum. 

We  have  chosen  the  contrast  of  the  image  as  the  functional 
representing  the  degree  of  focus. 

The  contrast  is  defined  as  the  coefficient  of  variation  of  the 
image  intensity,  i.e.  the  ratio  between  the  standard  deviation 
and  the  mean  of  the  image  intensity: 


Cia.p): 


1 


E  I^(xi,X2,a,P)j 


Fig.  1  Spot-light  SAR  -  Geometry  of  the  system. 


Fig.  2  Fourier  Transform  of  exp|;2;rA:f^  j  rect{flT^^^)  for 
different  values  of  A. 

Fig. 3  shows  the  plot  of  the  contrast  of  the  image  as  a 
function  of  a  and  p.  The  location  of  the  absolute  maximum 
of  C(a,p)  can  be  easily  estimated.  The  function  does  not 
present  any  other  relative  maxima  and  then  iterative 
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procedure  can  be  successfully  applied  to  locate  the  absolute 
maximum.  Extensive  simulation  trials  show  that  the  contrast 
presents  one  well  distinguishable  absolute  maximum  if  a 
dominant  scatterer  is  imaged  by  the  radar. 


-1.82E-6  -1.62E-6  -1.42E-6 


Fig.  3  Contrast  of  the  image  as  a  function  of  the  second 
and  fourth  order  coefficients.  The  grey  level  (from  0  to  15) 
represents  the  normalised  contrast  of  the  SAR  image. 

NUMERICAL  RESULTS 

An  example  of  simulation  results  is  shown  in  this  section  to 
demonstrate  the  effectiveness  of  the  proposed  technique  . 

The  example  discussed  refers  to  a  set  of  data  relevant  to  an 
airborne  Spot-light  SAR.  The  height  of  platform  flight  is  10 
Km,  the  wavelength  X  is  6  cm  and  a  total  variation  of  the 
aspect  angle  is  about  8°.  In  this  condition,  the  theoretical 
cross-range  resolution  is  about  0.25m  and  the  values  of  a  and 
P  are  respectively  0.18  m/s^  and  -1.62  10"^  m/s^.The 
contrast  shown  in  Fig.  3  refers  to  this  operating  condition.  It 
is  easy  to  recognise  that  C(a,p)  has  the  absolute  maximum  in 
correspondence  of  the  aforementioned  values  of  a  and  p.  The 
function  has  been  calculated  for  discrete  values  of  a  and  P 
and  the  sampling  rate  has  been  chosen  by  fixing  the 
maximum  allowable  phase  error.  We  fixed  a  maximum  phase 
error  of  7i/2  both  for  the  second  order  and  the  fourth  order 
phase  term.  Fig, 4  represents  the  SAR  image  obtained  by 
compensating  the  second  order  phase  term  and  the  fully- 
focused  one  reconstructed  by  using  the  autofocusing  method  . 
Note  that  the  amplitude  of  the  full-focused  image  is  about 
5  dB  higher  and  the  width  of  the  main  lobe  is  roughly  halved. 
So,  the  spatial  resolution  is  significantly  improved  and  a 
better  quality  of  the  final  image  is  obtained. 


/Axi 

Fig.  4  SAR  image  obtained  by  compensating  the  second 
order  motion  phase  term  (marked  line)  compared  with  the 
fully-focused  image  obtained  by  using  autofocusing  method 
(thin  line). 

CONCLUSIONS 

In  this  paper,  we  have  proposed  a  simple  and  effective 
method  to  focus  Wide  Azimuth  Angle  SAR  images.  The 
method  is  based  on  the  maximisation  of  the  contrast  that  we 
have  chosen  as  a  measure  of  the  degree  of  image  focus.  The 
contrast  depends  on  two  parameters  representing  the 
coefficients  of  the  second  and  fourth  order  terms  of  the 
polynomial  that  approximates  the  phase  due  to  the  APCs 
motion.  Simulation  results  show  the  effectiveness  of  the 
method  when  a  dominant  scatterer  is  present  inside  the 
illuminated  scene.  In  detail,  the  compensation  of  the  fourth 
order  term  allows  a  significant  improvement  of  the  spatial 
resolution  and  an  enhancement  of  the  image  quality  due  to 
contrast  optimisation. 
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ABSTRACT 

The  subject  of  this  paper  is  the  characterization  of  high 
frequency  phase  errors  in  synthetic  aperture  radar  (SAR) 
imagery  formed  using  the  polar  format  processing  ap¬ 
proach  and  the  implications  for  autofocus.  A  mathemati¬ 
cal  model  for  the  phase  error  is  reviewed  which  illustrates 
the  dependency  of  the  phase  error  on  range  wavenumber 
as  well  as  azimuth  wavenumber.  In  the  case  of  a  sin¬ 
gle  sinusoidal  phase  error,  it  is  shown  that  the  resulting 
paired  echoes  have  a  characteristic  two-dimensional  (2D) 
appearance.  This  implies  that  for  sufficiently  high  phase 
error  frequencies  the  associated  autofocus  problem  is  2D, 
that  is  the  phase  error  is  a  function  of  range  and  azimuth 
wavenumbers.  Radars  operating  at  long  wavelengths  and 
fine  resolution,  such  as  a  1  meter  resolution  L-band  sys¬ 
tem,  are  the  most  likely  candidates  to  produce  imagery 
having  2D  phase  error. 

INTRODUCTION 

A  key  ingredient  to  the  formation  of  a  synthetic  aperture 
radar  (SAR)  image  is  the  time  for  the  transmitted  signal 
to  propagate  to  the  illuminated  scatterers  and  back  to  the 
sensor  as  a  function  of  the  pulse  reception  time.  In  general 
one  has,  with  some  level  of  fidelity,  a  priori  knowledge  of 
that  two-way  travel  time  based  on  radar  motion  measure¬ 
ments  and  electromagnetic  propagation  models.  However, 
the  accuracy  of  the  two-way  travel  time  data  may  not  be 
perfect  leaving  unmodeled  “phase  errors”  which  in  turn  de¬ 
grades  the  contrast  or  focus  of  the  image.  The  phase  error 
can  be  decomposed  into  low  order  polynomial  type  func¬ 
tions  and  higher  frequency  sinusoidal  components,  each 
having  a  different  effect  on  the  appearance  of  the  image. 
For  example  a  travel  time  bias  error  leads  to  a  quadratic 
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phase  error  which  broadens  the  main  lobe  and  raises  the 
“near  in”  sidelobes  of  the  azimuth  (i.e.,  cross  range)  im¬ 
pulse  response  response  of  the  SAR,  which  when  focused 
has  a  sm{y)/y  characteristic.  In  this  paper,  the  effects 
of  high  frequency  phase  errors  on  the  appearance  of  the 
radar  image  and  the  implications  to  phase  error  estimation 
and  removal  (i.e.,  autofocus)  are  studied.  High  frequency 
errors  can  emerge  for  example  from  unmodeled  antenna 
jitter  or  a  turbulent  ionosphere.  The  amplitude  of  those 
errors  may  be  only  a  small  fraction  of  the  wavelength  cor¬ 
responding  to  the  radar  transmit  center  frequency. 

SAR  image  formation  using  polar  format  processing  as 
described  by  Walker  [1],  Brown  [2],  Ausherman,  et  al. 
[3]  is  assumed  in  this  paper.  That  technique  was  devel¬ 
oped  as  a  solution  to  the  range  cell  migration  problem 
associated  with  SAR  image  formation.  It  is  based  on 
the  fundamental  observation  that  the  range  compressed, 
Fourier  transformed  and  motion  compensated  data,  corre¬ 
sponding  to  reception  of  a  single  pulse,  is  the  3D  Fourier 
transform  of  the  reflectivity  density  evaluated  in  the  radar 
line  of  sight  direction  u  over  the  wavenumber  segment 
I  k  —  47r/A  |<  it/ Ax,  [1-2].  The  wavelength  A  =  c/fo  is 
defined  in  terms  of  the  transmit  center  frequency  /o  and 
the  speed  of  light  c,  while  Ax  denotes  the  range  resolution. 
The  classical  image  model  for  a  single  sinusoidal  phase  er¬ 
ror  in  SAR  data  is  one  in  which  paired  impulse  response 
echoes  (and  their  harmonics)  appear  and  the  phase  error 
is  a  function  of  azimuth  wavenumber  alone.  In  the  case  of 
polar  format  processed  SAR  data  the  classical  model  ap¬ 
plies  so  long  as  the  number  of  phase  error  cycles  does  not 
exceed  approximately  twice  the  ratio  of  the  transmit  center 
frequency  to  the  transmit  bandwidth  as  will  be  reviewed 
here.  Otherwise  the  phase  error  is  effectively  a  function 
of  azimuth  and  range  wavenumber.  The  2D  dispersion  of 
the  echo  energy  was  first  communicated  in  an  unpublished 
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report  by  Melzer  [4],  with  antenna  jitter  the  assumed  er¬ 
ror  source.  In  that  report,  the  peak  of  the  dispersed  echo 
amplitude  is  computed  as  a  function  of  the  sinusoidal  an¬ 
tenna  jitter  frequency.  That  analysis  is  in  contrast  to  the 
classical  theory  in  which  the  (relative)  peak  echo  ampli¬ 
tude  is  given  by  the  simple  formula  (47r/A)  (n/2)  where  a  is 
the  amplitude  of  the  sinusoidal  motion  projected  onto  the 
radar  line-of-sight  direction.  In  [4]  the  term  ''relief’  is  used 
in  reference  to  the  reduced  peak  echo  amplitude  associated 
with  the  echo  energy  dispersion.  With  that  terminology 
the  point  is  made  in  [4]  that  the  relief  increases  (i.e.  the 
peak  echo  amplitude  decreases)  with  the  sinusoidal  phase 
error  frequency. 

Over  the  last  several  years  there  has  been  increasing  in¬ 
terest  in  nonparametric  phase  error  estimation.  The  phase 
gradient  autofocus  algorithm  (PGA)  Eichel,  Ghiglia,  and 
Jakowatz  [5],  Eichel,  Jakowatz  [6]  is  perhaps  the  best 
known  nonparametric  approach.  PGA  was  introduced  in 
1989  as  a  technique  to  remove  phase  error  as  a  function 
of  azimuth  wavenumber.  Subsequent  to  the  first  PGA  pa¬ 
pers,  Ghiglia  and  Mastin  [7]  pointed  out  that  2D  phase 
error  problems  exist  in  optics  and  astronomy  and  “antic¬ 
ipated”  that  a  2D  PGA  approach  would  be  needed  for 
SAR  as  well.  Indeed,  if  for  example  the  range  impulse 
response  has  elevated  sidelobes  due  to  an  imperfect  radar 
waveform  generator  one  is  motivated  to  perform  a  2D  fo¬ 
cus.  One  of  the  main  points  made  in  this  paper  is  that 
a  2D  focus  is  needed  for  sufficiently  high  frequency  sinu¬ 
soidal  (slow  time)  phase  errors,  unless  the  phase  error  is 
estimated  and  removed  prior  to  the  polar  to  rectangular  in¬ 
terpolation  step  of  polar  format  processing.  Furthermore, 
autofocus  algorithm  testing  on  radar  imagery  which  has 
been  injected  with  simulated  phase  errors  depending  on 
azimuth  wavenumber  alone  can  give  the  mistaken  impres¬ 
sion  that  a  ID  error  estimator  will  remove  errors  whose 
bandwidth  is  limited  only  by  the  image  azimuth  width, 
[8].  A  theoretical  1  meter  resolution,  L-band  example  is 
presented  here  in  which  it  is  observed  that  65  and  130 
cycle  phase  error  sinusoids  cause  the  mainlobe  width  of 
the  corresponding  impulse  response  echoes  to  be  on  the 
order  of  10  and  20  resolution  widths  in  each  coordinate 
direction,  respectively.  This  example  is  in  contrast  to  the 
classical  theory  in  which  the  echo  main  lobe  widths  do  not 
exceed  approximately  2  resolution  units.  It  is  also  appar¬ 
ent  from  the  model  that  there  is  less  2D  energy  dispersion 
in  imagery  generated  with  a  radar  operating  at  a  higher 
radar  frequency  (e.g.,  Ku  band)  and  thus  there  may  be 
little  need  to  use  a  2D  autofocus  on  imagery  generated 
from  data  collected  by  a  radar  operating  at  a  higher  radar 
frequency.  To  this  author’s  knowledge  these  points  have 
not  been  made  elsewhere  in  the  literature. 


In  the  sections  that  follow,  the  high  frequency  phase 
error  model  is  reviewed  and  is  used  to  1)  establish  a  ratio¬ 
nale  for  deciding  when  a  2D  focusing  approach  is  needed, 
based  on  the  maximum  phase  error  bandwidth  which  is 
to  be  removed  for  a  given  radar  transmit  wavelength  and 
range  resolution  and  2)  introduce  the  concept  of  an  ad  hoc 
“bow  tie”  image  domain  filter  (as  opposed  to  a  filter  which 
is  unity  over  a  subimage  rectangle)  to  be  used  as  part  of 
the  sampling  associated  with  the  2D  PGA  approach.  The 
intent  of  the  bow  tie  filter  is  to  reject  the  noise  (princi¬ 
pally  radar  receiver  noise  and  unwanted  clutter),  where 
the  signal  corresponding  to  the  phase  error  is  small. 

Finally,  there  is  some  reason  to  expect  that  the  en¬ 
ergy  dispersion  effect  is  not  limited  to  the  case  of  imagery 
formed  using  the  polar  format  processing  technique.  In 
polar  format  processing  the  phase  of  a  point  scatterer  at 
the  center  of  the  scene  imaged  is  matched  as  part  of  the 
motion  compensation  which  acts  as  the  range  cell  migra¬ 
tion  corrector  as  well  [3].  That  other  image  formation  ap¬ 
proaches  ideally  correct  for  range  cell  migration  and  match 
the  phase  of  a  point  scatterer  implies  that  a  phase  error 
would  be  subject  to  signal  processing  which  is  similar  to 
the  polar  format  technique.  Thus  there  is  the  potential 
for  the  occurrence  of  echo  energy  dispersion  using  other 
image  formation  techniques.  This  is  an  area  for  future 
investigation. 

PHASE  ERROR  MODELING 

In  this  section  we  review  the  equations  which  lead  to  a 
phase  error  model,  as  a  prelude  to  the  next  section.  As 
mentioned  in  the  introduction  polar  format  image  forma¬ 
tion  processing  is  assumed.  The  phase  error  is  shown  to 
be  a  function  of  both  range  and  azimuth  wavenumbers, 
and  one  observes  that  the  phase  error  sensitivity  to  range 
wavenumber  increases  with  the  number  of  phase  error  cy¬ 
cles  over  the  synthetic  aperture. 

Time  Dependent  Phase 

To  begin,  let  u{t)  be  the  unit  vector  which  points  from 
the  antenna  to  the  center  of  the  scene  imaged  for  a  given 
pulse  at  “slow  time”  t.  Let  the  interval  [-T/2,T/2]  denote 
the  coherent  integration  period  (i.e.,  the  time  to  form  the 
synthetic  aperture)  and  define  the  following  “slant  plane” 
unit  basis  vectors: 
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where  v  is  the  velocity  of  the  SAR  at  ^  =  0,  and  Uy^ 
are  the  unit  range,  azimuth  and  slant  plane  normal  vectors, 
respectively.  The  center  of  the  scene  imaged  is  taken  to  be 
the  origin  of  the  coordinate  system  spanned  by  the  basis 
vectors  defined  above.  It  has  been  shown  [3]  that  the  wave 
number  vector  k  sampled  by  the  SAR  on  a  pulse-to-pulse 
basis  is  given  by 

k  zz  k  u{t)  (4) 

where  the  scalar  k  varies  over  the  wavenumber  segment 
I  k  —  47rfX  \<  tt/Ax,  Ax  is  the  range  resolution  of  the 
radar,  and  t  is  the  time  the  pulse  is  received.  In  prepa¬ 
ration  for  the  following  analysis  define  the  wavenumber 
components  of  k 
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With  the  definitions  above,  a  general  expression  for  the 
phase  error  e  due  to  a  range  error  Ar(i^)  (equivalent  to  an 
unmodeled  two-way  travel  time  error)  is  given  by 
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terms  involving  the  wavenumbers  which  have  significance 
when  the  range  error  Ar{t)  is  in  some  sense  large.  For  ex¬ 
ample,  the  presence  of  the  k^c  term  shows  that  a  range  bias 
error  will  cause  the  image  to  be  translated  in  the  range  di¬ 
rection  by  an  amount  equal  to  the  bias.  The  quotient  term 
containing  ky  in  the  numerator  will  be  a  source  of  image 
defocus.  Nominally,  the  SAR  line  of  sight  vector  u{t)  is 
contained  in  the  slant  plane  for  every  t  during  the  coherent 
integration  period,  in  which  case  k^  =  Uz  ‘  u{t)  =  0. 

For  the  purpose  of  analytical  modeling  of  sinusoidal 
range  errors  which  are  on  the  order  of  a  wavelength  A, 
the  following  approximation  to  the  phase  error  is  used 


(11) 


However,  for  numerical  work  on  a  computer  the  equation 
(9)  can  be  used  without  approximation.  The  next  step  is  to 
model  time  as  a  function  of  range  and  azimuth  wavenum¬ 
bers  kx  and  ky. 


Time  as  a  Function  of 
Wavenumber 


A  necessary  step  in  the  derivation  of  the  high  frequency 
phase  error  model  is  to  express  (slow)  time  ^  as  a  function 
of  the  wavenumbers  kx  and  ky.  That  this  part  of  the 
derivation  is  necessary  is  attributed  to  the  polar  format 
processing  approach  to  image  formation  which  is  assumed 
in  this  paper.  Let  0  represent  the  polar  or  “viewing”  angle 
associated  with  the  line  of  sight  vector  u{t)  in  the  slant 
plane  defined  by  the  range  and  azimuth  unit  vectors  Ux 
and  Uy,  respectively.  Then  equations  (12-13)  below  hold 
by  definition  and  the  subsequent  equations  (14-16)  follow 
from  small  angle  and  geometric  series  approximations 
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To  facilitate  analytic  modeling,  assume  that  the  view 
angle  0  —  a  t  with  a  constant  angular  rate  a.  Then  t  = 
0/a,  and  with  the  expression  for  0  given  above  one  obtains 
time  ^  as  a  function  of  the  range  and  azimuth  wavenumbers 
kx  and  ky.  One  will  find  it  useful  to  express  the  angular 
rate  a  in  terms  of  the  coherent  integration  time  T,  azimuth 
resolution  Ay  and  transmit  wavelength  A  as  follows.  The 
relation  between  azimuth  resolution  and  the  total  change 
in  view  angle  (3  is  given  by  /?  =  A/2  Ay  so  that  a  —^/T  — 
A/2  T  Ay.  Thus  the  relation  for  (slow)  time  as  a  function 
of  range  and  azimuth  wavenumbers,  resolution,  transmit 
wavelength  and  integration  time  can  be  expressed  as 


T 

t(^kxj  ky^  Ay  ky 

At  this  point  it  is  worth  mentioning  that  the  extent 
to  which  the  classical  ID  paired  echo  theory  and  the  2D 
theory  presented  here  are  different  is  attributed  to  the 
term  containing  the  product  kx  ky  in  equation  (17).  The 
wavenumber-time  relation  will  be  used  in  the  next  section 
where  the  image  of  the  phase  error  is  studied  in  detail. 


PHASE  ERROR  IMAGE 


The  “image”  of  a  point  scatterer  at  the  center  of  the  im- 
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age  scene  is  given  as  the  (inverse)  2D  Fourier  transform  of 
the  complex  exponential  of  the  phase  e{  t{kx,  ky) ).  Denote 
the  (inverse)  2D  Fourier  transform  of  a  function  g  by 


T[g]  =J  J  g(k^,ky)  dkydk,.  (18) 

Then  the  image  of  a  point  scatterer  in  the  presence  of  a 
phase  error  e  is  given  as 

image  =  T  (19) 

T  [hj^hy  ie)]  (20) 

=  T[hxhy]  +  iT[hxhye]  (21) 


where  and  hy  are  the  range  and  azimuth  S AR  frequency 
response  functions  which  include  the  finite  bandwidth  and 
weightings  (e.g.,  Hanning).  Equations  (20-21)  are  a  first 
order  approximation  to  the  image  model  (19).  The  fi¬ 
nite  bandwidth  is  defined  by  the  the  wavenumber  limits, 
\  kx  tt/Ao^  and  \  ky  \<  ir/Ay,  with  Ax  and  Ay  the  range 
and  azimuth  resolutions,  respectively.  The  first  term  on 
the  right  side  of  (21)  is  by  definition  the  image  of  a  point 
scatterer  in  the  absence  of  phase  error,  while  the  second 
term  represents  the  weighted  2D  Fourier  transform  of  the 
phase  error.  Other  higher  order  terms  involving 
account  for  harmonics  (echoes  corresponding  to  integer 
multiples  of  the  sinusoidal  phase  error  frequency).  As  an 
example  the  Fourier  transform  (19)  is  computed  and  dis¬ 
played  in  Figure  1  for  a  hypothetical  1  meter  resolution, 
L-band  (  i.e.,  A  =.25  meters)  SAR,  with  65  cycles  of  si¬ 
nusoidal  phase  error  whose  amplitude  is  3A/100.  Observe 
that  the  echo  energy  is  dispersed,  or  spread,  over  a  rect¬ 
angular  region.  Figure  2  is  obtained  from  the  image  of 
Figure  1  as  an  azimuth  pixel  sampling  of  the  image  at  the 
range  pixel  corresponding  to  the  range  impulse  response 
peak.  Notice  that  the  echoes  are  approximately  18  dB 
down  from  the  peak  of  the  azimuth  impulse  response  and 
that  the  harmonics  are  more  than  40  dB  down.  In  gen¬ 
eral  the  harmonics  are  unlikely  to  be  observable  against  a 
clutter  background  for  small  phase  error  levels. 

2D  Paired  Echoes 

In  the  previous  section  an  expression  for  (slow)  time  as  a 
function  of  range  and  azimuth  wavenumbers  was  derived 
(17).  Once  the  phase  error  has  been  expressed  as  a  func¬ 
tion  of  wavenumber,  the  Fourier  transform  (19)  is  com¬ 
puted  to  observe  the  effect  of  the  phase  error  on  the  image 
as  in  the  example  presented  in  Figure  1.  In  this  section  the 
first  order  approximation  (20-21)  to  (19)  is  used  to  further 
study  sinusoidal  phase  errors  as  they  emerge  in  the  image 
domain. 


Point  Scatterer 


Echo 


First  Harmonic 


Second  Harmonic 


Third  Harmonic 


Figure  1.  The  image  of  a  point  scatterer  with  a  65  cy¬ 
cle  sinusoidal  phase  error  whose  amplitude  is  3 A/ 100  with 
A  =  .25  meters  and  1  meter  resolution. 

In  general  the  range  error  Ar{t)  has  a  Fourier  series 
representation 

Ar{t)  =  ^  a„  cos(27rz/n^  +  ^n)  (22) 

where  is  the  sinusoidal  phase  error  frequency  in  units 
of  Hertz.  It  is  sufficient  to  consider  a  single  sinusoidal 
term  from  the  expansion  above  and  deduce  its  image  do¬ 
main  characteristics,  as  the  general  case  involving  all  of 
the  terms  in  the  series  is  obtained  by  superposition,  pro- 
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vided  that  the  harmonic  terms  are  negligible  as  discussed 
above. 

Consider  the  complex  exponential  form  of  a  single  sinu¬ 
soidal  phase  error  from  equation  (22).  Then  equation  (11) 
for  the  phase  error  is 


e(0  ~ 


47r  a 
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gi(27ri/«+f)  + 


(23) 


From  the  equations  (19)  and  (23)  it  is  apparent  that 
one  always  has  a  symmetric  pair  of  echoes,  one  for  each 
complex  sinusoid.  In  Figures  2  and  3  we  observe  that 
65  and  130  cycle  phase  error  sinusoids  cause  the  width 
of  the  corresponding  impulse  response  echoes  to  be  on 
the  order  of  10  and  20  resolution  units,  respectively.  This 
an  example  of  the  2D  echo  energy  dispersion  discussed  in 
the  introduction.  Next  the  2D  Fourier  transform  of  one  of 
the  complex  sinusoids  (23)  is  studied  in  detail  to  further 
develop  an  analytic  characterization  of  the  echo  energy 
dispersion. 

Given  that  time  <  is  a  function  of  range  and  azimuth 
wavenumbers,  either  echo  image  is  given  by 


echo  image  = [h^hy  ,  (24) 

As  in  the  classical  paired  echo  theory,  one  observes  that 
the  echo  brightness  relative  to  the  point  scatterer  is  pro¬ 
portional  to  the  ratio  of  the  phase  error  amplitude  a  to 
the  wavelength  A.  Consider  the  argument  of  the  complex 
exponential  which  is  integrated  as  part  of  Fourier  trans¬ 
form  (24)  and  the  approximation  for  time  as  a  function  of 
wavenumber  (17) 
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(26) 


and  =  T 1/  Ay.  The  first  phase  term  on  the  right 
side  of  equation  (26)  is  linear  and  therefore  determines 
the  azimuth  pixel  location  of  the  echo;  it  is  displaced 
yi,  =  T 1/  Ay  distance  units  from  the  point  scatterer’s  az¬ 
imuth  location  (or  T  v  azimuth  resolution  units  Ay).  The 
second  term  in  (26),  involving  kj^  ky,  accounts  for  the  echo 
energy  dispersion  which  is  shown  below. 

The  range  and  azimuth  dimensions  of  a  rectangle  which 
contain  the  bulk  of  the  dispersed  echo  energy  will  be  de¬ 
termined  as  the  intersection  of  two  rectangles  each  cen¬ 
tered  on  the  echo  of  interest  whose  sides  are  parallel  to 
the  the  coordinate  axes.  One  rectangle  will  be  shown  to 


have  range  and  azimuth  dimensions  X  and  A,  respectively, 
with  X  <  A.  The  other  rectangle  will  have  azimuth  and 
range  dimensions  dimensions  Y  and  R,  respectively,  with 
Y  <  R.  Then  the  intersection  of  the  two  rectangles  is  also 
rectangle  centered  on  the  echo  with  dimensions  XxY .  The 
argument  involves  interchanging  the  order  of  the  two  in¬ 
tegrations  associated  with  the  2D  Fourier  transform  (24). 


IMPULSE  RESPONSE  WITH  65  CYCLE  PHASE  ERROR 


AZIMUTH  IMAGE  SAMPLE  (METERS) 


IMPULSE  RESPONSE  WITH  130  CYCLE  PHASE  ERROR 


Figures  2  and  3.  Figure  2  (top)  is  obtained  from  the 
point  scatterer  image  of  Figure  1  as  an  azimuth  pixel  sam¬ 
pling  of  the  image  at  the  range  pixel  corresponding  to  ihe 
range  impulse  response  peak.  That  simulated  image  was 
generated  with  a  65  cycle  sinusoidal  phase  error  whose 
amplitude  is  3 A/ 100  with  A  =  .25  meters  and  1  meter  res¬ 
olution.  Figure  3  (bottom)  is  obtained  similarly  with  130 
phase  error  cycles. 
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Performing  the  first  integration  with  respect  to  range 
wavenumber  causes  an  azimuth  wavenumber  depen¬ 
dency  in  that  the  range  impulse  response  peak  location 
is  displaced  by  Xy^  ky  /47r.  The  maximum  displacement 
of  the  range  impulse  response  peak  occurs  at  the  azimuth 
wavenumber  limits  diTr/Ay.  Thus  the  range  dimension  X 
of  the  rectangle  containing  the  dispersed  energy  is  twice 
the  maximum  displacement 


(27) 


This  relation  is  derived  using  the  definition  of  the  echo 
azimuth  location  —  Ti/  Ay^  with  T  the  coherent  inte¬ 
gration  time  and  u  the  sinusoidal  phase  error  frequency. 
Conceptually,  the  2D  Fourier  transform  calculation  is  com¬ 
pleted  by  the  second  integration  which  is  with  respect  to 
azimuth  wavenumber.  At  this  point  one  concludes  that 
the  echo  energy  is  dispersed  over  a  rectangle  whose  range 
dimension  is  X  as  defined  in  (27)  and  whose  azimuth  di¬ 
mension  is  bounded  from  above  by  the  azimuth  width  A 
of  the  image. 

The  dimensions  of  the  second  rectangle  are  determined 
by  first  integrating  the  2D  Fourier  transform  (24)  with 
respect  to  azimuth  wavenumber.  Then  the  azimuth  di¬ 
mension  Y  of  the  rectangle  containing  the  dispersed  echo 
energy  is  twice  the  maximum  displacement  of  the  azimuth 
impulse  response  peak 


Y  -2v  ——  -  Tu^- 
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One  concludes  that  the  echo  energy  is  dispersed  over  a 
second  rectangle  whose  azimuth  dimension  is  Y  as  defined 
in  (28)  and  whose  range  dimension  is  bounded  from  above 
by  the  range  width  R  of  the  image. 

It  has  therefore  been  shown  that  the  bulk  of  the  dis¬ 
persed  echo  energy  is  contained  in  the  rectangle  whose  di¬ 
mensions  are  X  x  Y ,  The  range  and  azimuth  dimensions 
of  the  echo  in  resolution  units  are  given  as 


Y/ Ay  =  &b/8  S  resolution  units.  Refering  to  Figure  2 
one  visually  estimates  that  the  echo  energy  is  spread  over  7 
to  10  pixels  which  is  in  good  agreement  with  the  analytical 
result  (30).  It  is  also  interesting  to  note  that  not  only  does 
the  azimuth  position  of  the  echo  imply  the  number  of  phase 
error  cycles,  T  p,  but  so  does  either  dimension  of  the  of  the 
2D  echo  (rectangle),  if  it  is  fully  observable  through  the 
clutter. 


AUTOFOCUS  AND  IMAGE 
FILTERING 


The  echo  energy  dispersion  model  derived  in  the  pre¬ 
vious  section  motivates  one  to  ask  the  question:  What  is 
the  maximum  phase  error  frequency  which  an  autofocus 
algorithm  can  be  expected  to  remove  given  that  the  er¬ 
ror  estimate  is  a  function  of  azimuth  wavenumber  alone 
(i.e.,  no  echo  energy  dispersion  is  modeled)?  A  reasonable 
criteria  is  that  the  echo  energy  corresponding  to  the  max¬ 
imum  phase  error  frequency,  Pmax,  should  not  disperse  by 
more  than  2  range  resolution  units.  Refering  to  (29),  that 
occurs  when  the  number  of  cycles,  TPrnaxi  of  sinusoidal 
phase  satisfies  the  following  inequality 
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(31) 


A  rearrangement  of  terms  gives  the  following  expression 
for  the  maximum  number  of  phase  error  cycles  over  the 
synthetic  aperture 


max  cycles  < 


4Ax 

~ 


(32) 


For  a  hypothetical  L-band,  1  meter  resolution  system  in 
which  Ax/X  =  4  the  maximum  number  of  cycles  is  16, 
which  for  a  10  second  integration  period  implies  Prnax  =1-6 
Hz  maximum  phase  error  frequency.  To  contrast  the  L- 
band  example,  with  the  case  of  a  0.3  meter  resolution,  Ku 
band  (A  =  .02  meters)  system,  one  computes  Ax/X  =  15 
which  according  to  (32)  implies  a  60  cycle  upper  bound. 
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Ay 
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respectively.  Thus  the  sides  of  the  rectangle  containing  the 
echo  energy,  measured  in  resolution  units,  are  equal  [4]. 
As  an  example  consider  the  same  hypothetical  L-band,  1 
meter  resolution  system  in  which  X/2Ax  =  1/8.  Then 
65  cycles  of  sinusoidal  phase  error  causes  the  energy  to 
disperse  over  a  rectangle  whose  dimensions  are  X/ Ax  = 


2D  Image  Filtering 

In  the  case  where  the  number  of  cycles  of  phase  error  ex¬ 
ceeds  criterion  (32)  the  autofocus  problem  is  2D,  that  is 
the  phase  error  estimate  depends  on  both  azimuth  and 
range  wavenumbers  as  previously  shown.  In  that  case  a  2D 
PGA  approach  [7]  is  appropriate.  In  the  broadest  sense, 
2D  PGA  involves  the  sampling  of  many  subimage  rectan¬ 
gles  centered  on  the  best  targets  (e.g.,  locally  the  bright¬ 
est),  and  a  subsequent  weighted  averaging  of  many  realiza¬ 
tions  of  the  phase  gradient  (as  a  function  of  wavenumber) 
derived  from  those  samples. 


1238 


The  dimensions  of  the  sampled  rectangle  of  image  data 
determines  the  bandwidth  of  the  phase  error  estimate,  be¬ 
cause  the  image  domain  is  essentially  the  spectral  domain 
of  the  phase  error,  as  can  be  observed  from  (19-21).  If  one 
has  an  a  priori  upper  bound  on  the  number  of  phase  error 
cycles,  then  it  is  natural  to  set  the  azimuth  width  of  the 
rectangle  equal  to  twice  that  number  of  cycles  plus  Y/Ay 
as  defined  in  (30).  The  range  dimension  of  the  rectangle 
is  set  equal  to  Xj Ax  as  defined  in  (29).  The  incentive  for 
minimizing  the  passband  of  the  “rectangular  filter”  is  to 
reduce  the  noise  power  admitted  into  the  subsequent  PGA 
estimation  process. 

Further  noise  suppression  is  achieved  by  “down  weight¬ 
ing  ”  that  part  of  the  subimage  rectangle  which  contains 
very  little  of  the  phase  error  spectrum.  Based  on  (19-21) 
and  the  Fourier  series  (22)  for  the  range  error,  the  power 
spectral  density  function  of  the  signal  h^hy  exp{ie)  is  ap¬ 
proximated  as 


Figure  4.  The  bow  tie  filter  reduces  the  clutter  and  re¬ 
ceiver  noise  power  in  regions  where  the  phase  error  power 
spectrum  is  known  to  be  small. 
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where  E[it;]  denotes  the  expectation  of  the  random  variable 
w,  and  it  is  assumed  that  the  phase  shifts  appearing  in 
(22)  are  uniformly  distributed  on  [— tt,  tt]  and  are  pairwise 
uncorrelated.  Based  on  equation  (33)  and  the  preceding 
analysis  regarding  the  dispersion  of  echo  energy,  one  con¬ 
cludes  that  the  bulk  of  the  phase  error  energy  is  contained 
in  a  “bow  tie”  shaped  region.  Then  an  ad  hoc  approach 
to  suppress  unwanted  clutter  and  receiver  noise  from  the 
estimate  is  to  define  a  filter  which  is  unity  on  the  interior 
of  the  bow  tie  and  is  zero  elsewhere.  Figure  4  is  an  exam¬ 
ple  of  such  a  filter  (with  some  smoothing  applied).  In  that 
case  the  bow  tie  region  is  defined  according  to 
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where  x  and  y  are  the  number  of  range  and  azimuth  reso¬ 
lution  cells,  respectively,  and  \ni[iD]  means  truncate  to  the 
largest  integer  less  than  w.  This  leads  to  a  filter  which 
is  one  range  cell  wide  at  its  center,  where  the  dispersion 
is  negligible,  and  spreads  out  in  range  as  a  function  of 
azimuth  just  enough  to  admit  the  majority  of  the  phase 
error  spectral  energy.  The  integrated  noise  power  within 
the  sampled  subimage  rectangle  is  reduced  approximately 
by  a  factor  of  2  with  the  bow  tie  filter. 


CONCLUSIONS 

For  sufficiently  high  frequency  (slow  time  dependent) 
phase  errors  the  SAR  autofocus  problem  is  2D,  that  is  the 
phase  error  is  estimated  as  a  function  of  range  as  well  as 
azimuth  wavenumber.  Whether  or  not  one  needs  to  be 
concerned  about  2D  phase  error  depends  on:  1)  the  band¬ 
width  of  the  phase  error  to  be  removed,  and  2)  the  ratio 
of  the  range  resolution  to  the  transmit  wavelength  for  the 
specific  SAR  system  considered.  In  particular  small  wave¬ 
length  systems  (e.g.,  Ku  band)  are  the  least  susceptible 
to  the  2D  phenomenon.  Long  wavelength  systems  (e.g.,  L 
band)  are  the  most  susceptible  and  are  most  likely  to  need 
a  2D  autofocus.  If  a  given  autofocus  problem  is  2D,  then 
there  is  an  established  2D  PGA  approach  for  estimating 
the  phase  error  as  a  function  of  range  as  well  as  azimuth 
wavenumber.  Finally,  when  a  2D  PGA  algorithm  is  used 
for  the  purpose  of  removing  high  frequency  phase  errors 
(depending  on  slow  time  alone),  it  was  proposed  that  a 
“bow  tie”  filter  be  used  to  reduce  the  noise  power  of  the 
data  within  each  of  the  sampled  subimage  rectangles  by  a 
factor  of  two. 
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Abstract  -  The  problem  of  SAR  imaging  when  only  phase 
corrupted  raw  data  are  available  is  addressed.  Results  on  real 
data,  when  polynomial  phase  errors  are  used,  are  also 
presented.  The  presented  method  is  able  to  compensate  for 
both  ID  and  2D  phase  errors. 

INTRODUCTION 

SAR  imaging  problem  amounts  to  find  a  finite  resolution 
estimate  of  the  ground  reflectivity  function.  It  is  known  that 
unwanted  deviations  of  the  platform  carrying  the  SAR 
antenna  from  the  nominal  trajectory,  or  turbulence  effects 
affecting  the  propagation  in  the  troposphere,  or  phase 
instability  in  the  receiver  apparatus,  can  induce  o,ly  phase 
errors  [1]  on  the  received  SAR  signal,  so  heavily  affecting 
the  accurate  focusing  of  the  final  images.  Conventional 
processing  of  these  phase  corrupted  data  provides  defocused 
or  blurred  images. 

We  present  a  new  method  to  accurately  reconstruct  a 
Synthetic  Aperture  Radar  (SAR)  complex  image  starting 
from  phase  errors  affected  raw  received  data,  based  on  the 
inversion  of  the  non  linear  relationship  between  the  raw  data 
square  amplitude  distribution  and  the  unknown  complex 
reflectivity  of  the  scenario  [2].  As  the  unknown  complex 
reflectivity  is  found  by  minimizing  a  proper  functional,  the 
resulting  problem  is  a  non  quadratic  optimization  problem,  so 
that,  in  the  general  case,  the  functional  can  exhibit,  in 
addition  to  the  desired  global  minimum  that  provides  the 
required  solution,  local  minima  providing  false  solutions 
(traps).  However,  starting  from  the  knowledge  of  phase 
corrupted  received  raw  data,  we  can  determine  by  a  linear 
inversion  a  useful  initial  guess  for  the  iterative  procedure.  In 
fact,  conventional  processing  of  these  phase  corrupted  data 
provides  defocused  or  blurred  images,  which  belong,  under 
common  conditions,  to  the  attraction  region  of  the  global 
minimum,  so  that  the  occurrence  of  local  minima  is  avoided. 
Note  that,  even  assuming  lack  of  local  minima,  ill- 
conditioning  problems  must  be  dealt  with. 

Numerical  results  on  real  data  show  that  the  focusing  of 
the  recovered  images  is  very  accurate,  even  if  the  corrupted 
initial  image  is  significantly  different  from  the  ideal  one. 

THEORY 

We  consider  the  problem  of  an  extended  object  of 
complex-amplitude  reflectance,  imaged  with  a  coherent 
imaging  system  with  known  point  spread  function  (PSF).  In 
the  following,  we  will  make  reference  to  SAR  systems. 
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Results  will  anyway  serve  as  a  basis  for  other  coherent 
imaging  systems. 

The  complex  signal  received  by  the  SAR  antenna  can  be 
expressed  [3]  by  equation: 

/j(jc'y)  =  y(x,r)  gix'-x,r'-r,x,r)  dxdr,  (1) 

where  (x,r)  and  (jc',/^)  are  the  azimuth  and  range  co¬ 
ordinates  on  the  ground  and  on  board,  respectively,  7  is  the 
complex  reflectivity  coefficient  of  the  imaged  scene,  and  g  is 
the  system  space-variant  PSF  (SVPSF),  depending  on  the 
electronic,  geometrical,  and  kinematic  parameters  of  the  SAR 
system,  whose  Fourier  transform  (the  system  transfer  function 
needed  for  the  image  computing)  can  be  analytically 
evaluated  [3].  If  the  scene  dimension  is  sufficiently  small 
[3],  the  space  variance  of  g  can  be  neglected,  and  the 
imaging  system  acts  like  a  linear  filter  with  a  space-invariant 
PSF  (SIPSF);  in  this  case  Eqn.  (1)  reduces  to  a 
convolution: 

h{x,r)==[Y<S!g]{x,r)=gy,  (2) 

where  <S>  indicates  two  dimensional  convolution,  and  g  is 
the  linear  operator  linking  the  ground  reflectivity  function  to 
the  received  data.  In  the  following,  for  the  sake  of  simplicity, 
we  consider  the  SIPSF  case.  The  extension  of  the  treatment 
to  the  SVPSF  case  is  straightforward  and  requires  only  a 
miirginal  increase  in  computational  complexity  [3]. 

In  this  ideal  case,  SAR  imaging  is  a  linear  inverse 
problem  and  consists  in  inverting  Eqns.  (1)  (or  (2))  in  order 
to  find  the  unknown  object  function.  Unfortunately,  phase 
errors  on  the  received  signal,  due,  for  instance,  to  unwanted 
deviation  of  the  platform  carrying  the  SAR  antenna  from  the 
nominal  trajectory,  or  to  turbulence  effects  affecting  the 
propagation  in  the  troposphere,  or  to  phase  instability  in  the 
receiver  apparatus,  can  greatly  affect  the  accurate  focusing  of 
the  final  image.  In  particular,  it  can  be  shown  that  if  the 
motion  instability  of  the  flying  platform  is  not  very  large 
[1],  only  the  phase  of  the  received  signal  is  affected,  so  that 
the  phase  perturbed  received  signal  is  given  by: 

h„{^'y)=h{x',r')  exp[ji}(x',r')],  (3) 

where  d  represents  the  phase  term  induced  by  motion 
instability  and/or  turbulence  effects.  According  to  Eqn.  (3) 
the  mnplitudes  of  the  ideal  received  signal  h  and  of  the 
phase  corrupted  received  signal  are  the  same,  while  their 
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phases  are  different.  Also  note  that  by  virtue  of  the 
exp[yt?(a:',r')],  h  and  have  got  different  band  widths. 
For  this  reason,  the  magnitude  information  present  in  the 
phase  error  affected  received  data  can  be  hopefully  exploited 
to  develop  alternative  image  focusing  techniques.  To  this 
end,  define  «  the  operator  performing  the  square  amplitude 
of  Qy 


«y  =  (^y)(^y)*=|?rr.  (4) 

where  *  denotes  complex  conjugation.  The  SAR  imaging 
problem  can  be  stated  as  finding  y,  a  finite  resolution 
estimate  of  y,  belonging  to  a  finite  dimension  functional 
space  r,  satisfying 


'Sy  =  \h\^=Kf.  (5) 

It  has  to  be  noted  that  th^  link  between  the  unknown 
function  y  and  the  data  \h^  \  is  non  linear,  in  other  words, 
no  linear  transfer  function  exists  between  the  image  intensity 
and  any  property  (complex  amplitude  or  intensity)  of  the 
object 

As  h  is  essentially  bandlimited,  and  the  full  knowledge 
of  h-gy  would  allow  conventional  SAR  processing, 
problem  (5)  is  analogous  to  a  PR  problem  for  a  bandlimited 
function  {h)  from  its  intensity  distribution  ). 

However,  a  solution  to  (5)  could  not  exist  at  all,  so  that  the 
problem  is  intrinsically  ill-posed.  This  implies  that  the 
inversion  has  to  be  performed  in  a  generalised  sense,  that  is, 
by  finding  the  globi  minimum  of  a  proper  functional.  If  the 
best  fitting  concept  is  used,  then  the  problem  can  be  recast  as 
finding  y  such  that 

y  =  arg  mip  0(y),  0(y)  =  ||«y-Kf||  ,  (6) 

wherein  ||  ||  denotes  the  quadratic  norm  in  the  space  of  the 
data. 


THE  SOLUTION  ALGORITHM 

The  sampling  of  raw  data  is  usually  accomplished 
according  to  its  bandwidth,  whose  upper  bound  is  given  by 
the  known  bandwidth  of  the  system  unit  response  g  (see 
Eqn.  (2)).  However,  the  phase  error  affected  raw  data  hve 
a  larger  bandwidth  so  that  its  reliable  sampling  implies  a 
finer  grid  in  order  to  avoid  aliasing  effects.  By  virtue  of  (4) 
and  (5),  the  available  data  have  twice  the.  bandwidth  of  phase 
error  free  raw  data  p  =  Qy,  Now,  define  J/z,„  the  discretised 
versions  of  \h^\  .  Moreover,  let  y  be  a  pointwise 
representation  of  7  g  f,  sampled,  as  usual,  at  the  same  rate  as 
h .  7  will  have  a  finite  number  MxN  of  complex  samples, 
where  M  and  N  are  the  extensions  along  the  two 
dimensions  of  the  image.  On  the  other  hand,  the  system  PSF 
g  is  essentially  a  band-limited  function  of  finite  extension 
and  can  be  accordingly  approxima^ted  by  PxQ  discrete 
complex  samples.  Consequently,  \h^\  ,  the  data  of  the  inverse 
problem,  can  be  represented  in  a  space  of  real  dimension 
2(M-\-P)x2(N  +  Q), 

As  a  consequence  of  the  above,  the  entire  problem 
can  be  accurately  approximated  in  finite  dimensional  spaces.^ 
Then,  the  discretised  problem  amounts  to  finding  7 
such  that 


2{M+P)  2{N+Q) 


r.  ;  ■  it/  >  2 


l=l 


where  B  is  the  discretized  version  of  is  globally 
minimised  with  respect  to  7. 

Thanks  to  the  chosen  formulation,  several  consequences 
relevant  to  an  accurate  minimisation  of  (p  can  be  drawn. 
First,  thanks  to  the  quadratic  nature  of  whenever  the  ratio 
between  the  essenti^  dimension  of  the  space  of  data  (related 
to  the  bandwidth  of  \h\^)  and  the  essential  dimension  of  the 
unknowns  (related  to  the  bandwidth  of  7)  is  sufficiently 
large,  it  can  be  argued  [4]  that  local  minima  problems  can  be 
overcome,  so  that  normal  local  (non  random)  minimisation 
schemes  can  be  herein  utilised  with  global  effectiveness.  In 
the  present  case,  by  virtue  of  the  convolution  operation 
involved  in  ^  7,  the  above  mentioned  ratio  assumes  a  quite 
hirge  value  so  that  the  occurrence  of  local  minima  is  not  very 
likely. 

Moreover,  partial  information  about  the  phase  is  available 
in  our  case.  In  fact,  the  ideal  complex  received  signal  is 
known  but  for  the  multiplicative  phase  term  expf;??). 
StiirtiQg  from  the  knowledge  of  phase  corrupted  received  raw 
data  h,„ ,  we  can  determine  the  initial  guess  of  the  iterative 
procedure  by  the  linear  inversion  of  (2): 

=  (8) 

where  C  ‘  is  the  inverse  of  the  discretized  version  of  g. 
Processing  (8)  will  provide  defocused  or  blurred  images, 
which,  on  the  basis  of  the  experiments  presented  in  the 
following  Section,  will  belong,  under  common  conditions,  to 
the  attraction  region  of  the  global  minimum  of  (7),  so  that 
tlie  occurrence  of  local  minima  is  avoided. 

The  above  mentioned  considerations  have  a  twofold 
effect.  On  the  one  hand,  the  first  allows  us  to  deal  with  a 
hu'ge  attraction  region  of  the  global  minimum  (representing 
the  desired  focused  image).  On  the  other  hand,  the  latter 
allows  us  to  increase  the  possibility  that  the  initial  guess 
will  be  in  this  attraction  region,  so  further  increasing  the 
possibility  of  the  success  of  the  method. 

Finally,  improved  accuracy  can  be  obtained  in  the 
neighbourhood  of  the  solution  by  modifying  the  functional 
(p  through  the  introduction  of  weights  enhancing  the  low 
data  values  [4],  i.e.,  through  the  minimisation  of  the 
functional 


2{N+Q)  2 

y'{y)=  £  £ 

When  values  |^„,(/,^)|  are  lower  than  a  threshold  fi,  they 
are  replaced  ty  /i,  a  fixed  amount  depending  on  the 
numerical  precision  of  the  used  computer,  in  the 
corresponding  denominators. 

For  the  minimisation  of  (7),  resort  can  be  made  to  an 
iterative  scheme  of  the  kind 

+  (10) 

wherein  k  and  (A:  +  l)  denote  respectively  the  ^-th  and 
(k  +  l)-th  iteration,  is  related  to  the  gradient  of  <p ,  and 


1242 


^  is  a  matrix  depending  from  the  adopted  minimization 
^eme.  The  quadratic  nature  of  B  allows  the  step  to  be 
chosen  analytically  by  solving  a  third  degree  equation  [4],  so 
that  the  whole  minimisation  procedure  can  be  efficiently 
realised.  Also  note  both  B  and  V0  can  be  efficiently 
computed  through  FFT  and  zero  padding  operations. 

Only  slight  modifications  occur  when  (9)  is  used  in 
place  of  (7). 

S  AR  IMAGING  EXPERIMENTS  AND  CONCLUSIONS 

Typical  numerical  results  on  actual  data  are  now 
presented.  The  numerical  experiment  has  been  performed  by 
sequentially  minimising  functional  (7)  and  (9).  In  agreement 
with  the  arguments  in  [4],  this  choise  exhibited  the  best 
performance  from  the  point  of  view  of  the  reconstructions. 

Experiments  have  been  performed  on  raw  data  of  the 
German  airborne  Experimental-SAR  (E-SAR).  A  zoom  of  a 
small  part  of  an  image  of  1550  x  768  samples,  obtained  by 
processing  the  available  actual  data  is  shown  in  Fig.  l.a. 
Since  the  system  impulse  response  function  is  represented  by 
450x256  samples,  2048x1024  raw  data  samples  and 
4096  X  2048  intensity  data  samples,  are  required. 


Fig.l:  Zoom  of  a  particular  of  an  E-SAR  image: 

(a)  uncorrupted  image;  (b)  defocused  image; 
(c)  reconstructed  image. 


We  consider  a  one-dimensional  (ID)  10-th  order 
polynomial-like  phase  error,  whose  maximum  value  is  10  rad.. 
This  kind  of  phase  error  might  be  expected  in  the  azimuth 
direction  as  a  result  of  unwanted  deviations  from  the  nominal 
straight  trajectory  of  the  platform  caj^ing  the  S  AR  antenna. 
The  same  part  of  the  image  shown  in  Fig.  l.a,  obtained  by 
corrupting  the  raw  data  with  the  above  polynomial  phase 
error  is  shown  in  Fig.  l.b.  The  image  recovered  by  applying 
the  presented  method  is  presented  in  Fig.  l.c.  The  focusing  of 
the  recovered  image  of  Fig.  1  .c  is  very  accurate. 

To  better  show  the  good  quality  of  the  reconstruction, 
the  slice  cuts  of  the  image  of  a  single  point  scatterer  are 
presented  in  Fig.  2,  where  ideal,  defocused,  and  reconstructed 
point  target  are  represented  with  solid,  dashed,  and  dotted 
lines,  respectively.  The  defocusing  effect  produced  by  the 
polynomial  phase  error  along  the  azimuth  direction  is 
evident;  the  reconstruction  obtained  applying  the  presented 
method  is  almost  perfect.  As  far  as  the  phase  is  concerned,  it 
has  to  be  noted  that  the  method  allows  the  recover  of 
complex  images,  thus  well  compensating  the  errors  also  on 
the  image  phase,  that  is  even  more  sensitive  than  the 
amplitude  to  the  presence  of  phase  errors  on  the  data.  The 
lack  of  compensation  of  these  effects  can  be  very  critical  for 
those  applications  requiring  an  accurate  knowledge  of  the 
phase  (as  for  instance  in  interferometric  applications). 

Note  the  presented  approach  is  capable  of  compensating 
for  different  kinds  of  phase  errors,  both  ID  and  2D,  unlike 
other  techniques  that  are  based  on  the  assumption  that  the 
phase  errors  depend  only  on  the  azimuth  co-ordinate. 


Fig.  2:  Slice  cuts  of  a  point  target  image;  uncorrupted 

image;  (solid  line);  defocused  image  (dashed  line); 
reconstructed  image  (dotted  line) 
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Abstract  -  Micro  pulse  lidar  (MPL)  recently  has  been  developed 
for  profiling  cloud  and  aerosol  structure  over  long  time  periods. 
MPL  offers  advantages  over  previous  lidars  by  providing  more 
horizontal  data  due  to  a  high  pulse  repetition  rate  and  long  data 
collection  times.  The  lidar  operates  at  low  energy  levels  (~1  pJ), 
requiring  a  more  statistical  approach  for  obtaining  relevant  cloud 
properties  such  as  cloud  base  height.  Due  to  the  high  volume  of 
time  versus  height  backscatter  data,  an  automated  algorithm  is 
required.  This  paper  presents  an  automated  algorithm  for  cirrus 
cloud  detection  and  develops  a  simulated  cloud  model  used  to  test 
the  algorithm.  The  increased  amount  of  information  along  the 
time  axis  allows  one  to  take  advantage  of  horizontal  correlations 
in  the  data.  Local  running  standard  deviations  are  taken  both 
vertically  and  horizontally  to  determine  threshold  criteria  for  cloud 
boundaries.  Image  processing  techniques  are  incorporated  in  the 
algorithm  developed  to  improve  confidence  levels  in  detected 
cloud  boundaries. 


INTRODUCTION 

Lidar  sensing  techniques  have  progressed  significantly  in  the 
several  decades  since  its  inception.  Originally,  lidar  systems  were 
large  and  lacked  eye  safety  due  to  high  laser  pulse  energy. 
However,  recent  technological  advances  have  led  to  the 
development  of  compact,  eye-safe,  and  relatively  inexpensive 
lidar  systems.  Eye  safety  is  achieved  by  reducing  the  pulse 
energy,  and  acceptable  signal-to-noise  (SNR)  ratios  are  attained 
by  averaging  over  tens  of  thousands  of  pulses,  using  high  pulse 
repetition  rate  lasers. 

Cirrus  clouds  are  an  important  factor  in  global  climate  studies 
due  to  their  role  in  the  earth's  radiation  budget.  In  particular, 
global  monitoring  of  clouds  is  necessary  for  a  more  complete 
understanding  of  these  processes.  Lidar  systems  are  ideal  for 
global  cloud  monitoring,  especially  thin  cirrus,  due  to  their  ability 
to  profile  the  vertical  structure  and  height  of  clouds.  Micro  pulse 
lidar  (MPL),  developed  by  Spinhime  at  NASA  Goddard,  is  a  new 
type  of  lidar  that  uses  photon  counting  detection  [1].  Using 
micro- Joule  pulse  energies  and  kilohertz  pulse  repetition  rates,  it 
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can  profile  significant  cloud  and  aerosol  features  in  the 
atmosphere  within  a  time  span  of  a  minute  or  less.  A  pulse  energy 
of  1  to  8  |iJ  is  used  with  a  2500  Hz  pulse  repetition  rate.  The  data 
is  in  the  form  of  a  time  versus  range  image,  with  each  pixel 
representing  average  backscatter  in  photoelectrons  per 
microsecond  in  a  300  meter  range  bin  for  an  averaging  time  of 
one  minute.  The  MPL  system  is  capable  of  collecting  data  with 
higher  resolution  range  bins,  but  the  present  software  sets  a  300 
meter  bin  limit.  Each  column  in  the  image  is  one  range  profile 
and  each  row  is  one  time  profile. 

The  first  MPL  system  has  been  operating  since  1 992,  and  has 
demonstrated  ftill  time  operation  for  more  than  a  year.  An 
improved  MPL  system,  MPL-2,  has  been  in  operation  during  the 
past  year  at  the  DOE  Atmospheric  Radiation  Measurement 
(ARM)  Cloud  and  Radiation  Testbed  (CART)  site  in  Oklahoma, 
and  has  supplied  the  data  used  for  the  work  reported  in  this  paper. 

A  specialized  approach  is  required  to  process  the  data  from  an 
MPL  system.  To  consistently  provide  accurate  results,  a  cloud 
detection  algorithm  must  be  automated  to  handle  a  high  volume  of 
data,  it  must  use  the  additional  information  available  through 
horizontal  correlations  to  improve  performance,  and  it  must 
incorporate  knowledge  of  the  physical  and  geometrical 
characteristics  of  the  expected  signal.  This  paper  outlines  an 
automated  algorithm  for  cirrus  cloud  detection  using  statistical  and 
image  processing  methods.  A  cloud  model  is  developed  to 
simulate  the  expected  received  lidar  signal.  The  symposium 
presentation  of  the  paper  will  present  results  of  testing  the 
algorithm  with  simulated  and  actual  lidar  data. 

LIDAR  RELATIONS 

The  received  lidar  signal  n(r)  for  one  transmitted  laser  pulse 
due  to  atmospheric  backscattering  from  a  range  bin  of  length  Ar 
centered  at  a  distance  r  is  given  by 

^  .  (1) 

he  range  bin 

where  Eq  is  the  laser  pulse  energy  centered  on  wavelength 
is  the  detector  quantum  efficiency,  h  is  Planck's  constant,  c  is  the 
speed  of  light,  is  the  effective  receiver  aperture,  P(r)  is  the 
atmospheric  unit  volume  backscattering  coefficient  (m'‘sr  ^),  and 


1244 


if)  is  the  atmospheric  round-trip  transmittance  to  range  r  for 
wavelength  X.  The  extinction  coefficient  a(r)  is  related  to  round- 
trip  transmittance  by 


T\r)  =  exp 


{r*)dr 


0 


(2) 


The  backscatter  and  extinction  coefficients  may  be  expressed  as 
the  sum  of  Rayleigh  and  aerosol  components,  given  by 

a(^)  *  tt/jW  +  a/'')  (3) 

m  =  .  ^Jir)  (4) 


where  subscripts  denote  Rayleigh  and  aerosol,  respectively. 


CLOUD  MODEL 

In  order  to  evaluate  the  performance  of  cloud  detection 
algorithms,  it  is  necessary  to  simulate  the  lidar  signal  under  the 
expected  conditions  of  operation.  This  includes  a  determination 
of  background  values  under  normal  operating  conditions  for  both 
day  and  night,  defining  a  cloud  model  that  closely  approximates 
the  geometrical  and  physical  properties  of  cirrus  clouds,  and 
inclusion  of  an  accurate  noise  model. 

At  the  MPL  operating  wavelength  of  523  nm,  P  (r)  -  p  j^(r)  and 
a(r)  -  o^(r)  may  be  assumed  for  clear  air  conditions  in  the  upper 
troposphere  above  ~5  km.  Simulations  were  done  which 
confirmed  that  predicted  and  actual  signal  values  closely  follow 
Rayleigh  levels  between  5  and  10  km  [2].  Therefore,  a 
background  model  close  to  Rayleigh  levels  is  used  in  the  cloud 
model  for  algorithm  testing. 

A  cloud  model  must  consider  both  physical  and  geometrical 
characteristics  of  cirrus  clouds.  One  defining  feature  is  the 
magnitude  of  the  return  at  the  cloud  peak,  or  signal  increase  above 
clear  air  levels.  Prediction  of  the  average  increase  above  Rayleigh 
for  a  cloud  boundary  was  done  by  analyzing  one  minute  averaged 
MPL-2  data  over  several  weeks.  The  increase  above  Rayleigh  for 
high  thin  cirrus  above  5  km  is  roughly  a  factor  of  3  to  1 0  for  these 
data.  Another  important  parameter  in  the  cloud  model  is  the 
geometrical  shape  of  the  cloud  (i.e.  the  sharpness  of  the  transition 
from  clear  air  to  cloud  and  back  again).  Several  cloud  models 
have  been  used  in  the  literature  [3]  [4],  and  appear  nearly  gaussian 
in  form.  For  simplicity,  a  step  function  model  is  used  as  a  first 
approximation,  then  modified  step  and  gaussian-like  models  are 
used  to  test  the  algorithm  under  more  realistic  conditions. 
However,  the  step  fimction  model  may  prove  to  more  accurately 
simulate  the  300  meter  data  due  to  its  low  resolution. 

It  also  is  necessary  to  include  an  accurate  noise  model  to 
account  for  the  rapidly  degrading  signal -to-noise  ratio  with 


increasing  range.  This  is  done  by  applying  a  gaussian  noise  with 
zero  mean  and  fixed  variance  to  every  range  bin  in  the  non-range 
corrected  signal.  Suitable  noise  levels,  or  desired  variances  of  the 
random  gaussian  noise,  are  determined  by  using  actual  MPL  data 
to  derive  expected  signal-to-noise  ratios  at  each  range  bin.  The 
observed  signal  to  noise  ratio  at  range  bin  k  in  height  profile  j  is 
estimated  by 

SNRj,  -  ^  (5) 

where  the  numerator  is  the  mean  of  the  backscattered  lidar 
signal  and  the  denominator  is  the  standard  deviation  of  the  signal. 
The  mean  and  standard  deviation  are  computed  over  many 
samples,  typically  a  total  of  fifteen  time  bins.  This  sample  size 
gives  reasonable  certainty  to  the  estimates  of  the  mean  and 
standard  deviation  for  a  given  range  bin  in  the  image. 

Once  the  simulated  lidar  signal  has  been  defined,  the  algorithm 
may  be  quantitatively  tested.  The  SNR  required  to  detect  cloud 
boundaries  will  be  investigated  by  testing  the  algorithm  with  each 
cloud  model  defined  by  expected  signal  and  noise  levels 
determined  from  MPL-2  data  sets. 


CLOUD  DETECTION  ALGORITHM 

Previous  cloud  detection  algorithms  have  taken  advantage  of 
the  high  spatial  resolution  of  data  from  a  particular  system  [5]  [6]. 
When  high  resolution  is  available  (under  75  m  range  bin  size), 
differential  zero-crossing  methods  may  be  applied,  which  simply 
look  for  zero  crossings  in  the  slope  of  the  lidar  backscatter  profile, 
d«(r)/dr.  These  same  algorithms  cannot  be  applied  directly  to 
MPL  data  because  a  ciirus  layer  can  be  relatively  small  compared 
to  the  300  m  range  bin  size,  and  the  thickness  of  a  cirrus  cloud  can 
be  as  small  as  one  pixel  even  at  a  75  m  resolution.  The  low 
resolution  will  require  the  algorithm  to  make  a  cloud  boundary 
decision  from  one  pixel  to  the  next.  Therefore,  the  SNR  of  a 
given  pixel  must  be  high  enough  to  compare  consecutive  pixels  in 
a  height  profile  and  determine  if  a  boundary  has  been  crossed.  A 
simulation  of  the  expected  performance  of  the  system  predicts 
daytime  SNR's  of--  10  to  30,  and  nighttime  SNR's  of --  40  or 
greater,  for  one  minute  averaging  to  heights  of  1 0  km  [2].  These 
simulations  matched  well  with  computed  SNR’s  for  a  sample  day 
of  data  where  signal  levels  were  essentially  Rayleigh.  These 
SNR's  are  acceptable  for  a  decision  algorithm  that  uses  statistics 
between  individual  range  bins  for  cloud  detection. 

The  algorithm  may  be  improved  further  by  using  a  new 
adaptive  horizontal  approach.  An  adaptive  algorithm  can  take 
advantage  of  the  horizontal  information  available  in  the  lidar 
image.  In  regions  of  the  image  where  clouds  are  slowly  changing, 
the  correlation  between  two  height  profiles  is  high.  By  taking 
cross-correlations  of  profiles,  several  consecutive  profiles  with 
high  correlation  define  a  region  that  may  be  averaged  to  give  a 
higher  SNR  or  used  as  a  sub -area  for  a  statistically  based  edge 
detection  test.  The  degree  of  correlation  required  between  two 
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consecutive  pulses  must  allow  for  some  variability  in  the  cloud 
structure  yet  be  high  enough  so  as  to  find  all  transitions  between 
cloud  and  clear  air  regions.  A  similar  adaptive  approach  has 
been  used  to  find  average  cloud  base  heights  using  temporal 
averaging  that  varies  to  coincide  with  cloud  time  duration  [4]. 
However,  this  approach  was  used  only  to  average  previously 
determined  cloud  base  heights,  while  the  proposed  algorithm 
takes  advantage  of  the  correlations  to  improve  the  performance  of 
the  edge  detection  technique  used  to  find  the  cloud  boundaries. 

Using  the  added  advantage  of  determining  highly  correlated 
regions,  we  can  define  steps  for  a  cloud  boundary  detection 
algorithm  as  follows.  First,  highly  correlated  sequences  of 
consecutive  profiles  are  grouped  into  subareas  for  edge  detection 
using  the  process  described  above.  The  time  indices  of  each 
subarea  are  recorded  for  use  with  the  edge  detection  tests. 
Second,  a  running  horizontal  standard  deviation  is  computed  for 
each  time  profile  in  the  image.  We  expect  that  the  standard 
deviation  will  be  small  in  a  clear  air  region  and  inside  a  cloud,  but 
will  be  much  larger  at  a  cloud  boundary.  Each  jump  in  the 
horizontal  standard  deviation  is  used  as  a  flag  to  set  the  condition 
of  being  in  a  cloud  or  non-cloud  region,  and  a  segmentation  map 
is  created  which  indicates  a  "cloud"  or  "no  cloud"  status  for  each 
pixel  in  the  image.  Third,  the  resulting  correlated  regions  and 
segmentation  map  are  used  with  edge  detection  to  determine  if  a 
cloud  boundary  has  been  found. 

The  edge  detection  is  done  as  a  majority  decision  process  based 
on  a  series  of  statistical  tests  that  have  proved  useful  for  noisy 
image  applications  [7].  Tests  include  simple  thresholding  (a  cloud 
must  be  greater  in  intensity  than  background),  homogeneity  of 
means  and  variances,  and  modality  tests.  Important  features  of 
this  edge  detection  technique  are  that  the  tests  are  not  gradient 
(derivative-based)  operators  and  each  individual  test  can  have 
"yes,"  "no,"  and  "no  decision"  outcomes.  The  final  result  is  based 
on  a  majority  vote  of  individual  outcomes,  and  each  test  is  done  on 
small  subareas  of  the  image.  This  edge  detection  approach  may 
be  applied  to  the  cloud  boundary  problem  by  defining  a  subarea 
based  on  the  highly  correlated  regions  found  earlier.  Cloud  edges 
may  be  found  by  incrementing  vertically  through  each  correlated 
region  and  doing  the  edge  detection  on  a  two  range-bin  high  by  m 
time-bin  wide  subarea,  where  m  is  the  number  of  consecutive 
correlated  profiles  in  the  current  correlated  region.  If  the  majority 
of  edge  finding  tests  indicate  a  boundary,  the  segmentation  map  is 
used  to  determine  if  a  cloud  base  or  top  has  been  found  by 
comparing  the  number  of  "cloud"  and  "no  cloud"  pixels  on  the 
edge  boundaiy.  The  reliability  of  the  segmentation  map  must  be 
analyzed  to  determine  if  further  refinement  to  this  step  of  the 
algorithm  is  required. 

A  data  flow  diagram  of  the  algorithm  is  shown  in  Fig.  1 .  The 
overall  approach  of  using  horizontal  correlations  and  several 
statistical  tests  in  parallel  to  determine  a  final  outcome  should 
result  in  a  reliable  automated  algorithm  for  cloud  boundary 
detection. 


Figure  1 .  Data  Flow  Diagram  of  Cloud  Detection  Algorithm 
FUTURE  WORK 

Work  continues  on  algorithm  development  and  testing. 

Additional  results  from  this  work  including  images  of  MPL  lidar 

data  with  detected  cloud  boundaries  will  be  given  in  the 

symposium  presentation  of  this  paper. 
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Abstract- 

The  classification  of  infrared  images  over  polar  regions  is  a 
difficult  task.  The  algorithm  presented  in  this  paper  uses  the 
texture  features  of  segments.  The  classification  is  done  by  a 
neural  network.  The  results  are  promising.  About  90%  of  the 
pixels  are  correctly  identified. 


Introduction 

The  importance  of  clouds  in  radiative  processes,  local  heat  bud¬ 
gets,  and  the  transport  of  energy  is  widely  recognized  In  order 
to  study  their  influence  on  a  global  scale  or  regionally  at  lo¬ 
cations,  which  are  difficult  to  access,  satellite  measurements 
in  the  visible  and  infrared  spectral  range  are  commonly  used. 
However,  in  the  polar  regions  the  land  and  sea  ice  can  have 
the  same  albedo  as  the  cloud  tops  and  also,  because  of  frequent 
temperature  inversions,  the  same  temperature.  Most  algorithms 
applied  over  the  polar  regions  use  combinations  of  visible  and 
infrared  channels  [3].  Operational  application  is  therefore  re¬ 
stricted  to  times  of  solar  illumination,  so  that  no  measurements 
are  possible  during  the  polar  night.  The  purpose  of  this  study 
is  to  develop  a  cloud  masking  algorithm  which  only  uses  of  the 
infrared  channels.  This  algorithm  is  based  on  texture  analysis 
with  a  neural  network.  The  texture  features  are  calculated  for 
areas  which  should  have  the  same  surface  characteristics  (open 
water,  ice,  clouds)  identified  with  a  segmentation  procedure. 


Data 

In  this  study  we  use  the  infrared  data  of  the  Operational  Line- 
scan  System  (OLS)  onboard  the  Defense  Meteorological  Satel¬ 
lite  Program  (DMSP)  satellites.  These  satellites  also  carry  the 
passive  microwave  sensor  Special  Sensor  Microwave  Imager 
(SSM/I).  The  temporal  and  spatial  coincidence  makes  the  OLS 
especially  suitable  for  error  analysis  of  SSM/I  data  because  of 
cloud  contamination  or  multi-sensor  approaches.  The  OLS  has 
two  channels,  where  one  is  in  the  visible  range  (0.4-0.7  ^m) 
and  the  other  in  the  thermal  infrared  (10.5-12.6  ^m).  The  res¬ 
olution  is  either  0.6  or  2.7  km  throughout  the  entire  swath.  Dur¬ 
ing  daylight  the  visible  channel  has  an  resolution  of  0.6  km  and 
the  infrared  of  2.7  km,  during  nighttime  the  resolutions  are  ex¬ 
changed. 

0-7803-3068-4/96$5.00©1996  IEEE 


Figure  1:  OLS  infrared  image  of  November  4,  1992. 
Algorithm 

Because  using  only  temperature  measurements  can  lead  to  am¬ 
biguities,  the  idea  of  this  algorithm  is  to  use  additionally  tex¬ 
ture  analysis.  Calculations  of  texture  features  inside  windows 
with  a  fixed  size,  shifted  over  the  image,  leads  to  blurring  at 
the  boundaries  between  clouds  and  surface.  Therefore  a  spe¬ 
cial  segmentation  procedure  is  first  applied  and  the  texture  fea¬ 
tures  are  calculated  for  each  segment.  The  classification  pro¬ 
cess  (open  water,  sea  ice,  low  and  high  clouds)  is  done  by  a 
neural  network  with  the  texture  features  as  inputs. 

In  the  following,  the  algorithm  is  introduced  thorough  an 
OLS-infrared  image  of  November  4, 1992  (Fig.l), 


Segmentation 

The  goal  of  the  segmentation  procedure  is  to  gather  pixels  to 
regions.  These  regions  have  a  minimal  number  of  pixels  and 
should  include  only  pixels  of  the  same  class.  From  arbitrary 
starting  points  the  routine  enlarges  the  area  of  the  respective 
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Figure  2:  Segmented  image  of  Fig.  1.  The  gray  tones  are  ran¬ 
domly  chosen. 


segment  by  comparing  the  pixel  in  question  with  the  average 
of  the  previously  included  pixel.  If  the  difference  is  small,  the 
pixel  is  included.  Therefore  the  average  can  change  continu¬ 
ously. 

The  procedure  is  divided  into  two  parts.  During  the  first  step 
only  pixels  with  cold  temperature  are  considered.  To  account 
for  the  high  variability  in  temperature  and  fractal  structure  of 
cold  high  clouds  the  image  is  smoothed  before.  During  the 
second  step  the  pixels  with  higher  temperature  are  considered. 
Because  sea  ice,  open  water  and  low  and  medium  level  clouds 
can  have  similar  temperature,  it  is  more  difficult  to  segmentize 
them.  Therefore  the  sobel-operator  (an  edge  detection  opera¬ 
tor)  of  the  image  is  processed,  reinforced  by  a  factor  and  the 
resulting  image  is  added  to  the  original  image  This  procedure 
emphasizes  the  boundaries  between  different  classes  and  the 
variability  within  heteorogenous  regions  like  sea  ice  and  some 
kinds  of  clouds. 

The  threshold  for  the  difference  is  increased  during  several 
loops  whereas  the  mininum  number  of  pixel  and  the  factor  of 
the  sobel  operator  image  is  decreased.  After  the  fourth  loop  the 
image  is  smoothed.  Therefore  during  the  first  few  loops  ho¬ 
mogenous  areas  are  segmented  and  later  the  heterogenous.  The 
result  of  this  procedure  is  a  mask  in  which  all  pixels  are  asso¬ 
ciated  with  a  segment.  To  avoid  unsegmented  pixels  the  image 
is  treated  with  a  morphological  operation  (dilation)  afterwards. 
This  is  easy  to  understand  for  sea  ice,  where  the  warmer  leads 
can  be  exclude  during  the  segmentation.  Using  a  dilation  they 
are  combined  with  the  ice  pixels  and  the  segments  show  the  full 
characteristic  texture  of  sea  ice.  Fig.  2  shows  the  segmented 
image. 

Texture 

Texture  features  are  statistical  values  which  describe  the  spatial 
distribution  of  the  gray  level  values  in  an  image.  In  this  algo¬ 


rithm  they  are  calculated  with  the  sum  and  difference  histogram 
(S  ADH)  approach  [  1] .  The  histogram  of  the  sum  and  difference 
images  based  upon  the  original  image  and  a  displaced  image 
are  the  basis  for  the  texture  features.  The  algorithm  uses  the 
following  features  defined  by  Chen  [1]:  Mean,  Standard  Devi¬ 
ation,  Contrast,  Angular  Second  Moment  (ASM),  Correlation, 
Entropy,  Local  Homogeneity,  Cluster  Shade,  Cluster  Promi¬ 
nence.  All  texture  features  are  normalized  in  this  algorithm  in 
order  to  guarantee  the  comparability  in  the  classification  with 
neural  networks. 

Classification 

Each  segment  should  be  classified  into  one  of  six  classes  (low, 
medium,  high  level  cloud,  sea  ice,  open  water,  land  ice)  us¬ 
ing  the  calculated  nine  texture  features.  Therefore  we  have  a 
nine  dimensional  cluster  analysis  problem.  Two  kinds  of  neu¬ 
ral  network  are  appropriate  for  this  task:  the  Learning  Vector 
Quantization  (LVQ)  and  the  Self  Organizing  Map  (SOM).  The 
software  packages  SOM-PAK  and  LVQ-PAK  including  a  man¬ 
ual  are  freely  available  on  the  internet . 

Both  algorithms  are  described  by  Kohonen  [2].  The  Self  Or¬ 
ganizing  Map  (SOM)  is  an  unsupervised  learning  algorithm. 
The  goal  is  to  cluster  or  categorize  the  input  data.  The  input 
vectors  Xi  are  projected  on  a  two  dimensional  map,  which  has 
a  topography.  The  output  neurons  are  represented  by  codebook 
vectors  m.  The  algorithm  uses  competitive  learning.  The  win¬ 
ner  is  the  neuron  with  the  largest  output  which  is  a  measure 
for  the  similarity  of  the  input  vector  and  the  codebook  vectors. 
During  the  training  phase  not  only  the  winner  codebook  vec¬ 
tor  but  also  these  in  the  neigborhood  are  dragged  to  the  input 
vectors. 

mi{t  +  1)  =  rhi{t)  H-  hci{t)[x{t)  -  me(Q]  (1) 

The  function  hci{t)  describes  the  size  of  the  neighborhood  and 
the  learning  parameter.  This  causes  the  sensitivity  of  regions  of 
the  output  map  to  similar  input  vectors. 

In  Fig.  3  the  clustering  of  the  input  data  from  different 
classes  is  visualized. 

Whereas  the  SOM  is  an  unsupervised  learning  algorithm 
which  considers  the  labelling  of  the  input  vectors  only  after  the 
training,  the  tearing  Vector  Quantization  (LVQ)  is  a  supervised 
version.  Labelled  training  input  data  are  used  and  the  updating 
of  the  codebook  vectors  depends  on  the  classification.  For  a 
correct  classification 

rhc{t  -f  1)  =  fhc{t)  4-  “  ^c(0] 

is  used,  otherwise 

mc{t  4  1)  =  fhc{t)  -  (Xcit)[x{t)  -  nic{t)]  (3) 
The  function  ac(Q  describes  the  learning  parameter. 

Results 

The  training  set  was  prepared  with  several  images  from 
November  1992,  because  both  the  infrared  and  the  visible 
channels  are  available.  This  makes  the  ’manual’  classification 
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Figure  3:  Visualization  of  the  clustering  using  the  self¬ 
organizing  map  (Sammon  map).  The  german  labelling  means: 
Hohe,  Mitt.,  Tiefe:  High,  medium  and  low  level  clouds, 
Meereis:  sea  ice,  Landeis:  land  ice,  Ozean:  open  water. 


Table  1:  Percentage  of  correctly  classified  segments  of  the 
training  set  and  of  unknown  images.  The  +  indicates  the  ad¬ 
ditional  contingency  check.  The  brackets  present  the  standard 
deviation.  _ _ 


training 

unknown 

SOM 

SOM+ 

LVQ 

LVQ+ 

87.9  (4.7) 

90.4  (4.4) 

92.5  (4.3) 

95.6  (2.9) 

81.5  (3.2) 
85.0  (3.7) 

83.6  (4.6) 
89.1  (2.8) 

of  the  segments  possible,  which  are  used  as  the  desired  output. 
Fig.4  shows  the  finally  classified  data  set  from  Fig.  1 . 

Table  1  shows  the  percentage  of  the  correctly  classified  pix¬ 
els  for  the  training  set  and  for  unknown  images.  The  indica¬ 
tions  SOM+  and  LVQ+  stand  for  an  additional  contingency 
test,  which  uses  SSM/I  ice  concentration  analyses.  It  happens 
that  clouds  over  the  ocean  have  the  same  texture  features  like 
sea  ice  with  leads.  Therefore,  if  the  ice  concentration  is  zero 
all  segments  classified  as  sea  ice  are  changed  to  clouds. 

The  results  show  that  this  algorithm  generally  gives  very 
good  estimates  of  cloud  covered  areas.  As  expected  the  im¬ 
ages  of  the  training  set  are  better  classified  than  the  unknown 
images.  The  percentage  of  correctly  classified  pixels  is  higher 
for  the  LVQ  than  for  the  SOM.  The  reason  is  the  knowledge  of 
the  desired  output  is  taken  into  consideration  during  the  train¬ 
ing  phase  [2]. 


Figure  4:  Classification  of  the  image  presented  in  Fig.l.  Black 
regions  are  open  water,  dark  gray  are  sea  ice,  and  all  brighter 
colored  areas  are  clouds,  where  the  brightness  visualizes  the 
temperature. 


Conclusion 

The  results  presented  here  show  that  the  method  developed  to 
detect  clouds  by  only  using  infrared  data  works  with  an  accu¬ 
racy  of  about  90%.  The  approach  of  using  texture  features  of 
different  segments  of  an  infrared  image  as  inputs  to  a  neural 
network  seems  to  be  very  promising.  Of  course  the  application 
on  different  seasons  and  regions  has  to  be  studied,  but  on  the 
other  hand,  neural  networks  are  especially  suited  to  be  applied 
on  different  situations,  because  during  the  training  phase  they 
adjust  to  the  new  problem. 
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abstract:  In  this  paper  we  have  made  the  theoretical 

analysis  of  the  reflectance  data  measured  by  the  airborne 
POLDER  sensor  over  the  Mediterranean  Sea  in  1991. 
Several  basic  aerosol  size  distribution  models,  namely,  a 
lognormal  size  distribution  function,  a  modified  gamma  size 
distribution  function,  and  a  power  law  size  distribution 
function  by  Junge  were  considered  here  under  the 
assumption  of  an  atmosphere-ocean  system  with  an 
anisotropic  Cos-Munk  reflecting  sea  surface  model.  We 
present  several  aerosol  models  satisfied  observed  reflectance 
data  when  appropriate  wind  speed  is  assumed. 

INTRODUCTION 

The  POLDER  (POLarization  and  Directionality  of 
Earth  Reflectances)  sensor,  now  under  development  at 
CNES,  France,  is  one  of  Announcement  Opotunity  sensors 
for  a  Japanese  satellite  ADEOS  scheduled  for  launch  in 
1996.  Several  airborne  POLDER  campaigns  have  been  con¬ 
ducted  by  CNES  and  Laboratoire  d’Optique  Atmospherique 
(LOA),  University  of  Science  and  Technology  of  Lille 
(USTL)  since  1990.  In  this  paper  we  analyzed  the  subset  of 
the  Medimar  campaign  data  measured  by  airborne  POLDER 
sensor  sets  and  tried  to  develop  a  possible  method  for 
estimating  aerosol  models.  Tlie  Medimar  is  the  name  of  the 
sea  truth  measurements  conducted  over  the  Mediterranean 
sea  in  1991  by  using  the  Airborne  POLDER.  Tlie  solar  zenith 
angle  and  the  flight  altitude  of  the  airborne  POLDER  at  the 
time  of  the  observation  were  0o=38°  and  about  4700m, 
respectively. 

0-7803-3068-4/96$5.00©1996  IEEE 


BASIC  FORMULATION 

Consider  an  atmosphere-ocean  system,  the 
theoretical  reflectance  can  be  computed  by  the  doubling  and 
adding  method.  Let  us  consider  an  incident  solar  flux, 
^Fo  =  ^\_F  0  0  o]  per  unit  area  normal  to  the 

direction  of  propagation,  illuminates  a  plane  parallel 
atmosphere  with  the  optical  thickness  of  rfrom  the  direction 
of  (jUj,,  ^0 ) ,  where  symbols  and  (p^  are  the  cosine  of  the 
solar  zenith  angle  and  the  solar  azimuthal  angle,  respectively. 
In  the  above  a  superscript  t  represents  the  vector 
transposition.  The  upwelling  Stokes  vector 
-<!>,) -[I  Q  u  F]  '  at  the  top  of  the 
atmosphere  in  the  direction  of  )  can  be  expressed  by 
Eq.(l)  in  terms  of  the  reflection  matrix  of  the  atmosphere- 
ocean  system  Rat+sea  • 

1  -(p^) 

“  Rat^sea  (^,  ~  ^0 

As  for  the  components  of  the  Stokes  vector ,  /  is  the 
intensity  ,Q,  U,  and  Fare  related  to  the  linear  polarization, 
the  plane  of  polarization  ,  and  the  circularjiolarization, 
respectively.  By  using  adding  method  [1],  Rat^sea  can  be 
expressed  in  terms  of  the  reflection  and  transmission 
matrices  of  the  atmosphere,  Rat  and  Tat  ,  and  the  reflection 
matrix  of  the  sea  surface  Rsea  .  For  a  given  atmospheric 
model,  it  is  possible  to  compute  Rat  and  T at  by  the  doubling 
and  adding  method  [1]. 

Assuming  that  sea  surface  slopes  follow  an 
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anisotropic  Gaussian  distribution  with  respect  to  the  surface 
wind  and  its  direction  [2] ,  then  the  probability  density  func¬ 
tion  of  the  sea  surface  slope  (Z^,  Z^)  is  given  by 


P„iz„zj  =  — ^ 


2^a  a 

c  u 


exp 


/  2  2  \ 


-l)»7 -?%(»?  -3?7 


+  -kcM  -6^+3 


-  ilv  - 


+  4  €22]^^ 

~  6j?  +3)  +  --- 
I  “  zjo^  ,  n  =  zja 


(2). 


where  | are  the  standardized  slope  components  and  , 
Zy  are  the  slope  components  along  the  crosswind  and  upwind 
directions  ,  respectively.  Furthermore  »  ?  cr^  are  the  root 

mean  squares  of  Z^,Z^,  respectively.  The  explicit  forms  for 
cr  ,  and  c  ..  are  given  by  Cox  and  Munk[2].  Then  , 
according  to  the  formulation  by  Takashima  [3]  with  some 
modifications  of  his  original  form ,  the  sea  surface  reflection 
matrix  Rsea  can  be  given  approximately  by  Eq.(3). 


n' ,<t>  ~ 

— )  (3). 

cos  P 

where  Rc  is  the  rotation  matrix  and  6  ,y  are  the  rotation 
angles  defining  the  reflection  matrix  with  respect  to  the  local 
meridian  plane  as  a  common  reference  for  the  Stokes  vector 
and  Rs  is  the  specular  reflection  matrix  and  co  is  the  incident 
angle  and  reflection  angle  at  the  facet  [3]. 


ANALYSIS  OF  AIRBORNE  POLDER  DATA 


In  this  study  the  atmosphere  is  divided  into  two  layers 
at  an  altitude  of  the  airplane,  i.e.,  4700m  and  each  divided 
layer  consist  of  aerosols  and  gaseous  molecules.  We  used 
values  of  the  total  observed  aerosol  optical  thickness  t  = 
0.120[4]  at  0.85/im.  Values  of  the  optical  thickness  and 
turbidity  factors  for  each  of  two  layers  were  chosen  so  as  to 
agree  with  those  computed  for  a  Midlatitude  Spring-Summer 


atmosphere  by  LOWTRAN  6  [5]  at  an  aircraft  altitude 
(4700m).  We  have  computed  the  theoretical  reflectance  for 
7  aerosol  size  distribution  functions,  namely,  Haze  M  given 
by  modified  gamma  function,  Water-Soluble,  Oceanic  and 
Maritime  given  by  lognormal  distribution  functions,  Junge 
type  given  by  power  law  distribution  functions  with  v  = 
3.5,  4.0  and  4.5.  Furthermore,  we  considered  9  different 
refractive  indices  (  m  =  1.33,  1.33-iO.Ol,  1.33-i0.05  :  m= 
1.5, 1.50-i0.01,  1.50-i0.05:  m=  1.75, 1,75-iO.Ol,  and  1.75- 
i0.05  )  for  Haze-M  and  Junge  models,  and  specific  refractive 
indices,  m=1.52-il. 17x10’^ ,  m=1.372-il.03xl0'^ ,  m=1.38- 
i5,86xl0  '^,  for  Water-Soluble,  Oceanic  and  Maritime, 
respectively [6].  We  also  considered  15  wind  speeds  ( from 
V=8.0m/s  to  V=15.0m/s  with  an  increment  of  0.5m/s ).  The 
refractive  indices  of  m=1.33,  1.5,  and  1.75  correspond  to 
those  of  water,  dust,  and  soot  aerosols,  respectively.  135 
cases  for  Haze-M  and  Junge  model,  and  15  cases  for  Water- 
Soluble,  Oceanic  and  Maritime  were  examined  whether  the 
corresponding  theoretical  reflectance  curves  can  satisfy  the 
observed  reflectance  data  or  not.  In  this  examination  the 
surface  wind  direction  of  W^  =  220°  was  fixed.  Here,  the 
wind  direction  is  measured  counter  clockwisely  from  the 
sun  direction.  The  observed  wind  direction  was  given  as 
NNW  ( 330°:  measured  clockwisely  from  the  north  [4]  ), 
which  is  equivalent  to  W^  =  220°  in  our  notation.  As  for  the 
observed  reflectance  data,  the  mean  values  of  it  with  a  error 
bar  (obtained  from  24  successive  Medimar  scenes  data 
between  Scene  Number  1  and  24)  are  used  for  the  reference 
data  in  the  comparisons.  We  adopted  a  simple  rule  that  the 
theoretically  computed  reflectance  values  should  be  at  least 
within  the  range  of  observed  error  bars  at  all  viewing  zenith 
angles.  The  error  bar  range  is  equal  to  ±3a,  where  a  is  the 
standard  deviation  of  the  observed  values  at  each  viewing 
zenith  angle.  We  found  that  Haze  M,  Oceanic  and  Maritime 
can  not  satisfy  the  above  constraint  for  any  combination  of 
the  refractive  indices  and  wind  speed.  We  found  that  Water- 
Soluble  and  Junge  type  size  distribution  functions  can  satisfy 
the  observed  reflectance  data  when  an  appropriate  wind 
speed  is  assumed  (Table).  The  case  of  Junge  type  function 
with  v=3.5  and  m=1.5-i0.01  (the  aerosol  model  A)  is 
presented  here  in  detail,  because  of  two  reasons:  (1)  an 
Angstrom  coefficient  a=1.5  obtained  from  the  aerosol 
optical  thickness  measurements  [4]  suggests  v=3.5, 
according  to  Angstrom's  law,  namely,  v=a+2  (2)  The 
refractive  index  of  typical  aerosols,  like  dust  and  water 
soluble  particles,  is  m=1.5.  The  surface  wind  speed  does 
not  change  the  shape  of  the  reflectance  curve  in  the  back 
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scattering  direction,  but  it  affects  that  in  the  sun  glitter 
direction  (at  the  viewing  zenith  angle  between  -30°  to  -50°). 
We  can  estimate  a  range  of  wind  speed  from  the  sun  glitter 
portion  of  reflectance  curve  in  the  case  of  aerosol  model  A. 
The  range  of  the  wind  speed  was  thus  estimated  to  be  10.5m/ 
ssV£l3.5m/s  from  Fig.,  whereas  the  observed  one  is 
V=14.4m/s. 

CONCLUSIONS 

We  came  to  conclusions  by  this  study  as  follows; 

1)  We  found  Water-Soluble  model  and  several  Junge  type 
aerosol  models,  A  -  F  which  can  satisfy  the  observed 
reflectance  data  at  0.85/rm  in  the  principal  plane  by 
examining  various  combinations  of  aerosol  optical 
parameters  and  wind  speeds. 

2)  It  was  possible  to  estimate  the  surface  wind  speed  by 
examining  the  reflectance  surge  in  the  glitter  direction  at 
0.85/rm. 

3)  The  polarization  data  analysis  should  be  made  in  the  next 
study. 
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Table;  Estimated  ranges  of  optical  and  physical  parameters. 
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Fig.;  The  theoretical  results  based  on  the  Junge  type 
function  with  v=3.5  and  m=1.5-i0.01. 
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INTRODUCTION 

A  study  has  been  conducted  to  investigate  the  application  of 
a  unique  bistatic  lidar  receiver  to  remotely  determine  properties 
of  the  lower  tropospheric  aerosols,  particularly  optical 
extinction,  mean  radius  and  size  distribution  width.  The 
motivation  for  this  study  is  to  advance  our  understanding  of 
aerosols  near  the  ground  with  a  possible  long  term  goal  of 
calculating  extinction  at  any  wavelength.  Single  ended  remote 
sensing  instruments,  whether  using  lasers,  radars,  or 
microwaves,  have  difficulties  determining  absolute  extinction 
along  a  propagation  path.  This  is  due  to  the  large  variations  in 
the  ratio  of  the  forward  scattering  to  the  backward  scattering 
between  different  particles  (scattering  phase  function).  The 
bistatic  linear  array  receiver  was  developed  to  provide  necessary 
information  on  the  scattering  phase  function  of  the  aerosols. 

The  bistatic  remote  receiver  utilizes  a  linear  photodiode 
array  to  image  the  radiation  scattered  from  any  high  power  CW 
or  pulsed  laser  system.  By  observing  the  angular  scattering 
variation  along  a  horizontal  path,  additional  information 
contained  in  the  scattering  angle  phase  function  can  be  obtained. 
A  technique  has  been  developed  to  estimate  particle  size  and 
distribution  widths  (of  spherical  scatters)  by  comparing  two 
transmitted  E-field  components,  one  parallel  and  one 
perpendicular  to  the  scattering  plane.  Polarizers  are  used  on  the 
receiver  to  measure  the  cross  polarization  to  determine  the 
amount  of  multiple  scattering  and  nonsphericity  of  the  particles 
in  the  scattering  volume. 

The  first  studies  of  this  measurement  technique  have  been 
conducted  in  a  marine/coastal  environment  during  the  CASE  I 
(Coastal  Aerosol  Scattering  Experiment)  program  at  the  NASA 
flight  center  on  Wallops  Island,  VA  during  September  1995. 
The  atmospheric  conditions  during  this  measurement  program 
correspond  to  cases  of  high  relative  humidity  where  the  use  of 
a  spherical  model  to  describe  the  scatterers  would  be  reasonable. 
Results,  which  can  be  represented  by  trimodal  lognormal  size 
distributions,  were  obtained  from  both  clear  and  hazy /misty 
nights.  Extinction  calculated  from  the  size  distributions  is 
compared  with  extinction  from  the  Raman  lidar  at  two  different 
wavelengths.  On  calm  evenings  with  high  humidity  and 
decreasing  temperature,  the  inversions  also  show  increasing 
particle  sizes  consistent  with  radiation  fog  formation.  The  results 
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show  remarkable  agreement  with  a  tri-modal  aerosol  distribution 
used  in  a  spherical  scattering  model  (Mie  theory). 

INSTRUMENTATION  AND  EXPERIMENT 

The  linear  photodiode  bistatic  Udar  receiver  is  different  from 
past  bistatic  Hdars,  which  generally  have  the  same  goal  of 
obtaining  scattered  radiation  from  the  particles  at  angles  other 
than  180'".  Past  experiments  have  used  single  or  multiple 
polarizations,  from  a  scanning  laser  beam  to  reconstruct  a 
scattering  phase  function  from  tropospheric  aerosols  [1,2,3]. 
However,  the  measurement  technique  presented  in  this  paper 
does  not  scan  or  attempt  to  reconstruct  a  scattering  phase 
function  of  the  particles.  Instead,  a  ratio  is  obtained  from  the 
image  of  the  scattering  of  two  orthogonal  polarization 
con^K)nents  with  respect  to  angle,  one  in  the  scattering  plane  and 
one  perpendicular  to  tiie  scattering  plane  along  a  horizontal  path, 
as  shown  in  Fig.l.  The  use  of  a  ratio  cancels  the  effects  of 


Figure  1 .  By  operating  in  the  horizontal  mode,  the  bistatic  lidar 
is  able  to  collect  radiation  from  many  scattering  angles,  between 
155°  and  180°,  from  just  one  location. 
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many  problems,  including  nonlinearities  across  the  field  of  view 
of  the  receiver  and  extinction  differences  due  to  different  path 
lengths  for  each  scattering  angle.  Fig.  1  demonstrates  the  ability 
of  the  bistatic  receiver  to  simultaneously  image  the  backscattered 
radiation  from  an  angle  range  of  155°  to  180°.  The 
assumption  of  a  uniform  horizontal  path  is  verified  with 
horizontal  extinction  profiles  from  the  monostatic  Raman  lidar 
during  each  data  set  [4,5].  Although  this  polarization  ratio 
contains  the  information  needed  to  characterize  the  scatterers,  a 
model  is  needed  to  relate  this  ratio  to  the  desired  parameters, 
such  as  extinction,  and  particle  size  distribution. 

One  of  the  goals  of  this  research  was  to  determine  how  well 
Mie  theory,  with  a  lognormal  distribution  of  scatterers  would 
describe  actual  aerosol  data,  in  a  humid  coastal/marine 
environment.  A  program  was  written  using  several  subroutines 
including  BHMIE  from  [6],  that  modeled  the  ratio  of  the  two 
polarization  components  from  the  bistatic  lidar  with  a  trimodal 
lognormal  distribution  of  spherical  scatterers.  It  was  discovered 
that  in  order  to  accurately  model  the  return  from  a  clear  night, 
the  molecular  scattering  component  had  to  be  added  to  the 
aerosol  distribution.  Fig. 2  shows  a  sample  lognormal  particle 
size  distribution  including  the  addition  of  2.54  X 10  molecules 
per  m^,  at  a  radius  of  0. 198  nm. 

The  first  tests  of  this  measurement  technique  were  conducted 
in  September  1995,  during  the  CASE  I  (Coastal  Aerosol 
Scattering  Experiment)  on  Wallops  Island  Virginia.  This 
location  was  chosen  for  its  humid  and  misty,  coastal/marine 
environment,  and  for  an  unobstructed  3.28  km  horizontal  path 
over  a  salt  marsh.  The  Penn  State  LAMP  (Laser  Atmospheric 
Measurement  Program)  monostatic  lidar,  [7],  was  operated  on 
both  a  horizontal  path  and  a  vertical  path.  When  operating  on  a 
horizontal  path  the  LAMP  hdar  collected  rotational  Raman 
temperature  profiles,  vibrational  Raman  water  vapor  profiles, 
vibrational  Raman  nitrogen  profiles,  and  aerosol/molecular 
scattering  profiles  at  the  fundamental  laser  wavelength  of 
532  nm. 


Figure  2.  A  plot  of  a  trimodal  lognormal  particle  size 
distribution  using  the  bistatic  lidar  model.  The  addition  of 
2.54x10^^  molecules  per  ni  is  shown  at  the  “equivalent  Mie 
radius”  of  0.198  nm. 


The  bistatic  receiver  and  the  laser  were  separated  by 
15.24  m  which  imaged  the  scattering  path  between  35  m  and 
175  m,  aixi  corresponded  to  scattering  angles  between  155°  and 
175°.  The  distance  from  175  m  to  3.28  km  corresponds  to  an 
angle  range  of  175°  to  180°,  so  one  must  use  care  when 
analyzing  data  from  this  range,  because  the  horizontal  path  is 
more  likely  to  be  uniform  over  140  m  than  over  3  km. 

DATA  ANALYSIS  AND  RESULTS 

Data  were  collected  under  a  range  of  conditions,  from  dry 
and  clear  to  damp  and  misty,  during  the  Wallops  CASE  I 
program.  However,  the  most  interesting  data  were  collected  on 
September  14,  1995,  a  calm,  damp  and  hazy  evening.  Fig.3b 
shows  a  plot  from  1 1:00  pm  to  3:00  am  of  the  temperature  and 
relative  humidity  versus  time.  The  wind  speed  is  indicated  in 
miles  per  hour  next  to  each  ten^>erature  data  point.  Here  we  can 
see  the  relative  humidity  remains  constant  at  about  90%  until 
about  1:30  am,  while  the  tenq)erature  slowly  dropped  from  23  °C 
to  22°C.  After  1:30  am  the  wind  speed  increased  to  5  mph  and 
brought  with  it  a  warmer  and  drier  air  mass.  The  temperature 
decrease  of  1°C  does  not  seem  like  a  large  change,  but  from 
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Figure  3.  (b)  A  plot  of  the  temperature  and  relative  humidity 
versus  time  from  the  hdar  weather  station  on  the  night  of 
September  14,  1995.  (a)  Corresponding  plots  of  extinction 

coefficients  from  the  Raman  lidar  at  607  and  530  nm,  at  the 
same  times  as  the  temperature  and  relative  humidity  plots  (b). 
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Pixel  Number 


Angle  (deg) 

Figure  4.  (a)  A  plot  of  the  two  electric  field  components 

measured  with  the  bistatic  hdar  on  September  14,  1995.  (b) 
The  ratio  of  the  two  polarization  components  in  (a)  shown  with 
the  best  first  order  fit  from  the  model. 

Fig. 3a,  it  is  apparently  large  enough  to  cause  significant 
changesin  the  average  extinction  coefficient  calculated  from  the 
Raman  607  and  530  nm  Udar  channels.  Prior  investigations 
[4,5]  present  the  analysis  for  determining  absolute  extinction 
from  a  Raman  hdar  return. 

Fig. 4a  shows  a  plot  of  the  unprocessed  data  for  two 
polarization  conqx)nents  measured  with  the  bistatic  lidar  early  in 
the  evening  at  1 1:20  pm,  corresponding  to  the  first  data  point  in 
Fig. 3,  Because  the  two  polarization  components  are  separated 
in  time  by  one  minute,  spikes  in  the  data,  like  the  one  at  pixel 
number  400,  can  occur  when  an  insect  flies  through  the  laser 
beam.  Fig. 4b  shows  the  ratio  of  the  two  components  in  Fig. 4a 
with  a  solid  dark  line,  accompanied  by  the  best  first  order  fit  of 
the  model.  The  first  order  fit  with  two  aerosol  modes  is  found 
by  adjusting  the  six  lognormal  distribution  parameters,  with  a 
fixed  index  of  refraction  (n=1.38),  until  the  sum  of  the 
differences  between  the  model  and  the  data  is  minimized.  On  a 
clear  night,  with  only  a  single  mode  of  small  aerosols,  the 
number  density  of  the  molecules  can  be  used  as  the  absolute 
reference  to  tie  off  the  number  density  of  the  aerosol 
distribution.  On  this  night  however,  the  second  mode  of  the 


Angle  (deg) 


the  data  showing  a  nearly  monodispersed  radiation  fog  forming, 
(b)  The  lognormal  distributions,  with  an  index  of  refraction  of 
1.38,  used  to  fit  the  model  to  the  data  in  (a). 

aerosol  distribution,  not  the  molecules,  is  dominating  the 
scattering.  The  extinction  calculated  from  the  Raman  lidar, 
shown  as  the  first  point  in  Fig.  3a  is  used  to  normalize  the 
number  densities  of  the  first  two  modes  of  the  distribution.  The 
presence  of  the  high  frequency  ripples  versus  angle  in  Fig. 4b  is 
an  indication  that  a  third  larger  particle  mode  is  contributing  to 
the  scattering.  This  last  mode  was  extremely  difficult  to  find 
because  the  standard  third  modes  described  in  the  literature  did 
not  improve  the  fit.  Finally,  very  narrow  distributions  were 
tried,  and  an  excellent  match  was  found  with  a  particle  radius  of 
6.46  /mi,  and  a  distribution  width  of  only  logo  =  .005,  as  shown 
in  Fig. 5.  Nearly  monodispersed  particle  distributions  like  these 
are  often  called  radiation  fog,  and  generally  form  from  the 
condensation  of  water  vapor  molecules  onto  the  surface  of 
particles  as  the  temperature  drops  on  calm,  humid  nights.  The 
trimodal  lognormal  distribution  that  best  matches  this  data  set  is 
shown  in  Fig.5,  with  TND  referring  to  the  total  particle  number 
density  for  that  mode. 

Because  this  evening  was  calm  with  zero  wind  speed,  it  can 
be  assumed  that  the  particle  number  density  will  not  significantly 
change  throughout  the  course  of  the  night.  If  the  particle 
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Figure  6.  (a)  A  most  convincing  example  of  this  bistatic  lidar 
measurement  technique,  showing  the  best  fit  of  the  spherical 
model,  using  the  distribution  from  (b),  with  the  data.  The 
radiation  fog  mean  radius  has  grown  from  6.46  fxm  to  8.91  jum 
in  only  2.5  hours. 

number  density  does  not  change,  then  only  the  radius  and 
distribution  width  of  the  three  aerosol  modes  should  be  altered 
to  fit  the  model  to  each  consecutive  data  set.  Five  bistatic  lidar 
data  sets  were  inverted  for  particle  size  distributions  which  show 
the  increasing  radius  of  each  particle  as  the  temperature  dropped 
and  the  extinction  increased.  The  last  data  set  to  be  inverted  for 
a  trimodal  lognormal  particle  size  distribution  corresponds  to 
point  3  in  Fig. 3a  and  is  shown  in  Fig.6. 

Probably  the  most  convincing  example  of  this  measurement 
technique  is  shown  in  Fig. 6a,  with  the  best  fit  of  the  model,  and 
the  correspKjnding  trimodal  distribution  in  Fig. 6b.  The 
temperature  decreased  while  the  extinction  increased  one  last 
time  before  the  wind  brought  a  new  air  mass  and  different 
scatterers  in  the  area.  The  second  mode  of  the  distribution  is 
seen  to  narrow  its  distribution  width  as  it  grows  from  a  radius  of 
0.166  fjm  to  0.237  /xm.  At  the  same  time  the  third  mode 
increases  from  a  radius  ot  6.46  fxm  to  8.91  /xm.  This  data  set  is 
most  striking  because  the  model  follows  almost  every  contour  in 
the  data  between  155°  and  180°  as  seen  in  Fig. 6a.  Not  only 
does  the  model  fit  the  data  almost  perfectly  after  increasing  only 
tile  mode  radii,  but  the  calculated  extinction  coefficients  are  also 


Figure  7.  A  summary  of  the  growth  of  the  particles  through  the 
night,  as  determined  from  inverting  the  data  from  the  bistatic 
hdar. 

the  same  as  those  measured  by  the  Raman  lidar,  see  extinction 
data  in  Fig.6a.  Fig.7  summarizes  the  growth  of  the  three  modes 
throughout  the  evening  before  a  new  air  mass  entered  the 
measurement  area  and  the  conditions  changed  from  cold  and 
humid,  to  warm  and  dry. 
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Introduction 

The  Planetary  Boundary  Layer  (PBL)  is  the  lowest  1  km 
or  so  of  the  troposphere  which  directly  interacts  with  the 
underlying  surface.  The  fluxes  of  heat,  moisture  and 
momentum  within  the  PBL  are  very  important  to  weather 
forecasting  and  are  in  part  determined  by  the  mean  wind 
speed  and  characteristics  of  the  surface.  Over  the  ocean, 
where  the  surface  remains  homogeneous  over  relatively 
large  distances,  the  structure  and  height  of  the  PBL  are 
probably  good  indicators  of  the  magnitude  of  the  surface 
fluxes.  This  implies  that  changes  in  PBL  height  or 
convective  intensity  might  be  correlated  with  surface 
wind.  In  this  paper  we  present  simultaneous  measurements 
of  the  height  and  convective  structure  of  the  PBL  and 
surface  (10  meter)  wind  speed  derived  from  airborne  lidar 
and  microwave  scatterometer  instruments,  respectively. 
We  use  these  data  to  investigate  the  response  of  the  PBL 
to  changes  in  the  wind  speed  over  scales  ranging  from 
hundreds  of  kilometers  (synoptic  scale)  to  less  than  10  km 
(micro  scale).  This  data  set  provides  a  unique 
simultaneous  measurement  of  the  wind  field  and  boundary 
layer  structure  over  large  distances  and  is  likely  the  only 
one  of  its  kind. 

Experiment  Description 

During  the  Fall  of  1994,  we  participated  in  the  Lidar  In¬ 
space  Technology  Experiment  (LITE)  aircraft  correlative 
measurement  program  which  was  designed  to  collect 
coincident  lidar  measurements  along  the  shuttle  flight 
track  for  LITE  data  validation  and  correlation.  While  the 
main  objective  of  the  mission  was  to  acquire  lidar  data 
from  the  ground  to  the  mid  stratosphere  for  comparison 
with  the  shuttle  lidar,  other  instruments  were  flown  to 
investigate  the  PBL  and  its  interaction  with  the  ocean. 
Specifically,  we  were  interested  in  studying  how  the  PBL 
responded  to  changes  in  sea  surface  temperature  and 
surface  wind  speed.  A  total  of  5  flights  were  performed 
over  the  tropical  and  sub-tropical  Atlantic  Ocean,  each 
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flight  acquiring  between  5  and  7  hours  of  data  covering  on 
average  about  2500  km.  The  instrumentation  consisted  of 
the  Large  Aperture  Scanning  Airborne  Lidar  (LASAL) 
system  [1],  the  Radar  Ocean  Wave  Spectrometer  (ROWS) 
system  [2],  the  NASA/JPL  Sea  Surface  Temperature 
Radiometer  (SSTR)  [3]  and  the  University  of 
Massachusetts  Ku-band  (KUSCAT)  scatterometer  [4].  The 
LASAL  system  provided  us  with  a  high  resolution  (5 
meters  horizontal  and  15  meters  vertical)  picture  of  the 
height  and  convective  structure  of  the  PBL  along  the 
aircraft  flight  path.  The  LASAL  data  were  used  to  derive 
the  PBL  height.  The  scatterometers  enabled  us  to  obtain 
(10  meter)  wind  speed  and  direction  with  a  horizontal 
resolution  of  about  2  km.  The  SSTR,  which  is  a  six 
channel  radiometer,  can  correct  for  the  effects  of  water 
vapor  absorption  and  thus  retrieve  the  sea  surface 
temperature  to  an  accuracy  of  about  0.2  degrees 
centigrade.  These  data  are  available  only  where  clouds  do 
not  interfere  with  the  SST  measurement. 

Synoptic  Scale  Interactions 

The  height  of  the  PBL  is  mainly  controlled  by  the 
entrainment  rate,  the  synoptic  scale  vertical  velocity  field 
and  the  strength  of  the  capping  inversion.  The  entrainment 
rate  is  directly  related  to  the  surface  flux  of  heat  and 
moisture  at  the  surface.  Over  the  tropical  and  sub-tropical 
oceans,  the  sensible  heat  flux  is  small  while  the  latent 
heat  flux  accounts  for  about  90  percent  of  the  total  heat 
transfer.  A  good  estimate  of  the  flux  of  latent  heat  (E) 
over  a  homogeneous  ocean  surface  can  be  obtained  from 
the  well  known  bulk  aerodynamic  formula  shown  below. 


E  =  L,C,Up{q,-q) 

Where  L^  is  the  latent  heat  of  vaporization,  p  the  air 
density,  Q  the  transfer  coefficient  for  latent  heat  (which  is 
a  function  of  wind  speed  and  stability),  q^  the  saturation 
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specific  humidity  associated  with  the  SST,  q  the  actual 
specific  humidity  and  U  is  the  mean  wind  speed.  U  and  q 
are  usually  measured  at  a  standard  reference  level  of  10 
meters.  This  equation  demonstrates  the  importance  of  the 
wind  speed  in  determining  the  latent  (or  sensible)  heat 
flux  provided  that  the  SST  and  the  moisture  content  of  the 
air  close  to  the  surface  are  relatively  constant.  This  is 
usually  the  case  over  large  stretches  of  the  tropical  ocean, 
but  wind  speed  can  vary  substantially.  Fig.  1  shows  data 
from  the  first  LITE  underflight  from  Wallops  Island,  Va.  to 
Barbados,  which  occurred  on  September  11,  1994.  The 
solid  line  on  the  lower  half  of  the  plot  represents  the 
height  of  the  PBL  as  derived  from  LASAL  data.  The  two 
dashed  lines  above  and  below  the  PBL  height  are  the  top 
and  bottom  of  the  entrainment  zone,  respectively.  The 
entrainment  zone  is  computed  from  the  PBL  height  data  in 
10  km  long,  overlapping  segments.  For  each  segment  the 


Fig.  1  The  10  meter  wind  speed  (upper  line)  PBL  height, 
entrainment  zone  depth  (dashed)  as  a  function  of 
distance  along  the  flight  path  for  September  11,  1994. 

bottom  of  the  entrainment  zone  is  defined  as  that  height, 
above  which  the  top  of  the  PBL  occurs  95  percent  of  the 
time.  Likewise  the  top  of  the  entrainment  zone  is  that 
level  below  which  the  PBL  top  occurs  95  percent  of  the 
time. 

Plotted  at  the  top  of  the  figure  (right  axis)  is  the  wind 
speed  at  10  meters  as  derived  from  ROWS  (solid  line). 
Our  flight  path  took  us  across  the  trade  wind  belt  which  is 
generally  between  15  and  25  degrees  north.  This  is  vividly 
seen  to  be  between  280  and  500  kilometers  in  the  figure. 
The  wind  speed  increases  from  a  very  light  1.5  m/s  to  a 
moderate  4.5  m/s  while  the  height  of  the  PBL  and  depth  of 
the  entrainment  zone  increase  markedly.  It  is  interesting 
to  note  that  the  PBL  depth  and  wind  speed  both  increase 
by  a  factor  of  3.  This  suggests  a  well  obeyed  relationship 
between  the  two  in  this  case.  While  it  is  possible  that  the 
increase  in  PBL  depth  could  be  due  to  other  processes, 
such  as  an  increase  in  SST  or  a  change  in  the  magnitude 
or  direction  of  the  vertical  motion,  it  is  not  likely.  In  fact, 


data  from  the  SSTR  do  not  show  a  substantial  gradient  of 
SST  in  this  region  and  the  ECMWF  initial  analysis  shows 
widespread  sinking  motion  in  the  area.  We  feel  confident 
that  the  response  seen  in  the  PBL  is  mainly  due  to  an 
increase  in  moisture  flux  caused  by  an  increase  in  wind 
speed. 

On  September  17,  we  flew  from  Capetown,  South  Africa 
to  Ascension  Island  and  apparently  encountered  what 
could  be  described  as  the  doldrums.  The  data  are 
displayed  in  Fig.  2  and  plainly  show  a  relatively  large  area 
with  wind  speeds  less  than  3  m/s.  Concurrent  with  the 
decline  in  wind  speed  is  a  reduction  in  PBL  height  as  well 
as  entrainment  zone  depth.  On  this  day,  the  PBL 
exhibited  a  well  defined  two  layer  structure,  which  is  quite 
common  over  the  ocean.  The  lower  layer,  referred  to  as 
the  well  mixed  layer,  is  actively  connected  to  the  surface 
and  is  capped  by  a  relatively  weak  inversion  which 
separates  it  from  the  layer  above.  This  upper  layer  is  a 
“residual”  layer,  which  has  advected  into  the  area  from  a 
region  where  the  mixed  layer  had  grown  to  this  height 
(possibly  a  continental  PBL).  The  residual  layer  does  not 
respond  to  changing  conditions  at  the  surface.  It  is  the 
lower  layer  which  most  readily  responds  to  variations  in 
surface  wind  speed  (or  SST). 

A  glance  at  the  ECMWF  surface  analysis  for  this  day 
indicates  that  we  crossed  the  axis  of  a  high  pressure  ridge, 
flying  about  400  km  east  of  the  center  of  the  high.  This 
would  explain  the  light  wind  speeds  and  may  be  a  partial 
explanation  for  the  shallow  PBL  depths.  Areas  of 
enhanced  sinking  motion  often  are  associated  with  high 
pressure  systems  and  may  be  at  least  partially  responsible 
for  the  very  thin  PBL  in  this  area.  However,  the  correlation 
of  the  wind  speed  with  the  PBL  depth  is  so  large,  it  is 
likely  that  we  are  also  seeing  smaller  latent  heat  fluxes 
producing  shallower  PBL  and  entrainment  zone  depths. 


Distance  (km) 


Fig.  2  Same  as  Fig.  1,  except  for  data 
acquired  on  September  17,  1994. 
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Micro  Scale  Interactions 

In  addition  to  the  large  scale  influences  exerted  on  the 
PBL  by  the  mean  wind  flow,  we  also  encountered  many 
examples  of  meso  scale  and  micro  scale  interactions  that 
were  quite  interesting.  Fig.  3  is  comprised  of  data  from 
September  11th  and  shows  the  data  from  Fig.  2  between 
about  60  and  220  km.  We  see  some  remarkable 
correlations  between  PBL  height  and  the  wind  speed  on 
scales  ranging  from  10  to  40  km.  Note  in  particular  the 
wind  speed  minimum  at  about  120  km  and  the 
corresponding  minimum  in  PBL  depth  at  about  110  km. 
Also  the  general  shape  of  the  wind  speed  trace  and  the 
PBL  depth  are  very  similar  for  the  entire  region  between 
110  and  170,  with  highly  correlated  peaks  occurring  at 
roughly  130  and  150  km.  Close  inspection  reveals  that  the 
correlations  between  the  PBL  height  and  wind  speed 
appear  to  be  phase  shifted  with  the  wind  speed  lagging  the 
PBL  height  changes.  This  may  be  due  to  the  fact  that  in 
an  idealized  convective  cell,  the  highest  PBL  height 
would  be  expected  to  occur  above  the  center  of  the 
updraft,  while  it  is  reasonable  to  assume  that  the  highest 
surface  wind  speed  would  occur  some  distance  from  the 
central  core  of  the  updraft.  Note  as  well  that  the  PBL 
entrainment  zone  depth  (or  the  amount  of  variance  of  the 
PBL  top)  is  highly  correlated  with  the  variance  of  the 
wind  speed. 

On  September  17,  there  was  an  isolated  convective 
structure  about  30  to  40  km  wide  which  exhibited  a  strong 
correlation  with  the  wind  field.  This  can  be  seen  centered 
at  about  290  km  in  Fig.  2,  where  the  PBL  height  jumps  to 
almost  1.0  km  from  surrounding  values  of  200  meters  or 
less.  It  should  be  noted  that  the  capping  inversion  atop  the 
shallow  mixed  layer  in  this  region  was  very  weak  (as 
indicated  by  dropsonde)  and  that  the  residual  layer 


(between  200  and  1000  m)  was  nearly  adiabatic.  This 
means  that  a  convective  cell  need  not  be  extremely 
energetic  to  break  through  the  lower  inversion,  and  if  it  did 
so  it  would  continue  to  rise  until  it  hit  the  inversion 
capping  the  residual  layer  at  1.0  km.  The  wind  speed 
increases  from  1  to  2.5  m/s  in  the  region  of  enhanced 
convection,  but  does  not  appear  to  fall  off  as  quickly  on 
the  other  side. 

Summary 

We  have  presented  simultaneous  measurements  of  the  10 
meter  wind  speed  and  the  depth  of  the  boundary  layer  over 
the  ocean  in  an  attempt  to  understand  how  the  wind  field 
affects  PBL  structure,  height  and  moisture  flux.  It  is 
apparent  that  the  wind  field  is  closely  coupled  with  the 
height  and  convective  structure  of  the  PBL  at  scales 
ranging  from  tens  to  hundreds  of  kilometers.  This  indicates 
that  areas  of  relatively  high  PBL  depth  are  associated  with 
larger  surface  wind  speeds  and  necessarily  higher  surface 
fluxes.  The  close  relationship  of  the  wind  speed  and  PBL 
depth  suggests  that  it  may  be  possible  to  predict  one 
given  a  measurement  of  the  other.  Such  formulations 
already  exist  in  the  literature  and  the  data  presented  here 
could  be  used  to  test  their  validity. 
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Fig.  3  A  blowup  of  the  region  between  60  and  220  Km  in  Fig.  1 
showing  micro  and  mesoscale  correlations  of  the  PBL  height  and 
surface  wind  speed. 


1259 


Remote  Measurement  of  Coastal  Marine  Atmospheric  Boundary  Layer  (MABL)  Features 

M.  S.  Jordan,  C.  H.  Wash,  and  K  L.  Davidson 

Department  of  Meteorology 
Naval  Postgraduate  School 
589  Dyer  Rd.,  Room  254 
Monterey,  CA  93943-5114,  USA 
T:  408.656.2295  F:  408.656.3061 
EMail:  wash@nps.navy.mil 


SUMMARY 

Coastal  region  marine  atmospheric  boundary  layer 
(MABL)  properties  derived  from  satellite  data  are  compared 
with  coastal  in  situ  aircraft-measured  conditions.  A 
multispectral  approach  using  visible  and  IR  data  is  being 
tested  to  estimate  indirectly  important  variables  such  as 
depth  of  the  MABL.  In  situ  data  were  obtained  from 
aircraft,  ship  mounted  systems  and  from  shoreline  stations. 
In  examined  cases,  remotely  sensed  information  yields 
reasonable  assessments  of  the  height  of  the  top  of  the 
boundary  layer  as  well  as  of  conditions  immediately  above 
the  surface.  Remote  data  describe  high  resolution 
horizontal/temporal  variations,  important  in  the  coastal 
regions,  but  not  described  by  point  measured  data. 

INTRODUCTION 

Coastal  region  MABL  structures  vary  dramatically  over 
short  distances,  10-20  km.  The  height  of  the  MABL  is  a 
feature  of  interest  in  several  applications.  For  example,  it  is 
the  location  of  elevated  trapping  layers  affecting  radio/radar 
waves.  It  is  also  the  upper  limit  for  mixing  volume  of 
pollution  arising  from  shoreline  activities.  The  depth  of  the 
MABL  may  be  quite  variable  in  coastal  regions  because  it  is 
influenced  by  both  synoptic  scale  meteorological  and  local 
coastal  circulations.  In  either  case,  horizontal  variations 
occur  in  both  the  height  of  the  MABL  and  strength  of  the 
capping  inversion. 

Currently,  MABL  depth  is  measured  by  radiosonde  or 
aircraft  vertical  profiles.  Neither  method  is  sufficient  for 
measurements  over  a  large  area.  Remote  sensing  approaches 
based  on  passive  sensors  offer  the  potential  to  estimate 
variations  of  the  MABL,  such  as  its  depth  and  relative 
moisture  content,  over  a  large  region  at  one  time. 


Data  collection  and  analyses  have  been  funded  in  research 
programs  managed  by  the  Naval  Command  Control  and 
Ocean  Surveillance  Center  RTD&E  Division  (NRaD),  Code 
54,  San  Diego,  CA. 


In  this  paper  we  present  results  from  examinations  of  multi¬ 
channel  advanced  very  high  resolution  radiometer 
(AVHRR).  This  method  is  referred  to  as  the  multispectral 
approach.  This  approach  uses  visible  and  IR  data  to 
indirectly  estimate  important  variables  such  as  surface 
moisture  and  sea-surface  temperature,  as  well  as  the  depth  of 
the  MABL. 

MULTISPECTRAL  METHOD 

The  multispectral  method  is  based  on  the  radiative 
properties  of  aerosols  and  water  vapor.  Approaches  for 
estimating  aerosol  optical  depth  have  been  developed,  [1] 
and  [2].  The  method  for  estimating  MABL  depth  and 
moisture  properties  relies  on  previously  developed 
techniques  for  estimating  aerosol  optical  depth  and  total 
column  water  vapor.  The  approach  uses  the  red-visible 
radiance  measurements  of  the  NOAA  AVHRR  (channel  I) 
and  the  direct  relationship  between  this  radiance  and  optical 
depth.  Satellite  measurements  of  water  vapor  variations  are 
also  employed.  Estimates  of  the  total  column  water  vapor, 
following  Dalu  [3],  are  derived  from  the  split  window 
brightness  temperatures  of  the  NOAA  AVHRR  (channels  4 
and  5).  Since  both  estimates  are  derived  from  the  same 
sensor,  the  boundary  layer  estimates  can  be  derived  from  a 
single  satellite  data  source. 

The  method  is  based  on  three  assumptions  about  the 
MABL:  1)  The  MABL  is  well-mixed,  2)  aerosol  optical 
depth  variations  are  due  to  particles  in  the  MABL,  and  3) 
the  percentage  of  column  water  vapor  in  the  MABL  can  be 
estimated. 

Satellite  estimates  of  optical  depth  and  column  water 
vapor  are  both  related  to  the  MABL  height  and  moisture. 
An  iteration  method  was  devised  to  solve  for  the  MABL 
height  and  surface  relative  humidity  for  clear  regions  in  a 
satellite  pass  using  the  AVHRR  data,  [4]  and  [5].  Sensitivity 
estimates  using  a  model  atmosphere  indicated  the  method  is 
reliable  when  the  MABL  satisfies  the  assumptions  of  the 
technique,  [5]. 
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RESULTS 

The  multispectral  approach  has  been  successfully  applied 
to  MABL  analyses  over  Persian  Gulf,  Northern  California 
and  Southern  California  coastal  waters.  In  this  paper  we 
will  present  a  validation  of  the  technique  using  case  study 
during  the  Variability  of  Coastal  Atmospheric  Refractivity 
(VOCAR)  experiment,  off  the  southern  California  coast,  in 
August-September  1993.  The  first  VOCAR  results  are 
contained  in  the  thesis  by  Walsh  [6]  and  conference 
presentations  at  the  last  two  IGARSS  meetings. 

To  use  the  VOCAR  period  to  test  the  technique,  an 
estimate  of  the  percentage  of  the  water  vapor  in  the  MABL 
was  used.  This  is  an  important  improvement  to  the 
technique  for  climatological  regions  where  significant  water 
vapor  is  found  above  the  marine  inversion. 

The  case  presented  here,  from  the  VOCAR  period,  was 
chosen  because  it  was  a  clear  day  in  the  VOCAR  region  and 
radiosondes  were  laxmched  within  30  minutes  of  the  satellite 
pass  time  at  seven  locations  (one  ship,  two  island,  4  coastal 
locations).  In  addition,  aircraft  data  are  now  available 
providing  low  level  temperature  and  moisture  profiles 
between  the  coast  and  San  Nicolas  (NSI)  and  San  Clemente 
(NUC)  islands  with  2  hours  of  the  satellite  overpass. 

In  this  case,  there  is  significant  mid-tropospheric  water 
vapor.  We  computed  the  percentage  of  water  vapor  density 
in  the  MABL,  compared  with  the  total  from  the  surface  to 
400  mb,  for  all  radiosonde  locations.  The  percentage,  which 
is  representative  of  the  MABL  throughout  the  region,  is  14% 
for  this  case.  This  case  indicates  that  the  multispectral 
technique  will  work  when  significant  amounts  of  mid- 
tropospheric  water  vapor  is  present. 

Fig.  1  shows  the  multispectral  MABL  depth  analysis  for 
the  23:47  UT  26  August  1993  (4:47  pm  local)  NOAA 
AVHRR  satellite  pass.  The  dark  areas  indicate  that  the 
pixels  were  over  land,  are  clouds,  or  the  iterative  method  did 
not  converge  at  that  point.  The  raob  observations  are 
indicated  by  yellow  dots  on  the  image  while  aircraft  profiles 
are  denoted  by  white  dots. 

Fig.  1  shows  the  slope  of  the  MABL,  from  shallow  values 
to  the  west  (75  m)  to  deeper  values  along  the  eastern  portion 
of  the  coastal  region  (225  to  275  m).  The  thicker  MABL 
region  is  associated  with  warmer  sea  surface  temperatures 
(SST)  along  the  California  coast  from  Point  Vincente  (PVN) 
to  North  Island  (NZY)  near  San  Diego.  The  range  of  SST  is 
from  23  to  24  C  in  the  warmer  area  to  16  to  18  C  south  of 
Point  Arguello  (PDR)  along  the  eastern  edge  of  the 
California  Current. 


Evidence  to  confirm  these  coastal  SST  and  MABL 
structures  are  found  in  the  radiosonde  and  aircraft  data.  The 
only  overwater  raob  is  from  the  RA^  Point  Sur  (PSUR)  and 
its  measured  depth  of  148  m  compares  favorably  with  the 
shallow  127  m  satellite  estimate. 

A  comparison  of  aircraft  temperature  and  moisture 
profiles  from  the  Point  Mugu  aircraft  with  the  satellite 
assessment  is  presented  in  Table  1  and  Figs.  2  and  3.  The 
aircraft  flew  a  vertical  saw-tooth  flight  track  between  75  m 
and  825  m  penetrating  the  mixed  layer.  Nine  measurements 
from  aircraft  descents  and  ascents  along  flight  legs  between 
San  Clemente  Island  and  south  of  Camp  Pendleton  (CPN) 
and  between  San  Nicolas  Island  (NSI)  and  Point  Vincente 
(PVN)  are  used.  Of  particular  interest  is  the  aircraft  leg  of 
the  distinct  gradient  in  MABL  height  and  SST  west  of  San 
Diego.  Several  aircraft  soundings  in  the  lee  of  San  Nicolas 
Island  have  been  excluded  from  the  analysis  as  the  MABL 
appears  influenced  by  local  island  effects. 

The  aircraft  soundings  do  confirm  the  slope  of  the  MABL 
depth  indicated  by  the  satellite  data.  The  satellite  data  does 
underestimate  the  depth  by  36  m  but  the  RMS  differences  are 
less  that  42  m.  The  aircraft  temperature  of  the  mixed  layer 
fall  within  1  C  of  the  satellite  estimated  SSTs.  Scatterplots 
of  aircraft  vs  satellite  MABL  depth  (Fig.  2)  and  temperature 
(Fig.  3)  confirm  the  good  correlation  between  the  two 
datasets. 


Fig.  1,  Multispectral  MABL  depth  (m)  for  23:47  UT  26 
August  1993  NOAA  AVHRR  satellite  pass.  VOCAR 
radiosonde  observations  are  devoted  by  yellow  dots  and 
aircraft  profiles  are  given  by  white  dots.  The  dark  areas 
indicate  the  pixels  were  over  land,  are  clouds,  or  the  iterative 
method  did  not  converge  at  that  point. 
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Fig.  2.  Scatterplot  of  aircraft-measured  and  multispectral  Fig.  3.  Scatterplot  of  aircraft-measured  MABL  temperatures 
satellite  estimates  of  MABL  depths  (m).  and  satellite  estimates  of  SST  (C). 


Table  1. 

Comparison  of  Aircraft  versus  Satellite  Retrieval  Statistics 
MABL  HEIGHT 


BIAS  36.6  m 

RMS  differences  41.7  m 

Correlation  Cofficient  .825 

MABL  TEMPERATURE  VS  NOAA  SST 

BIAS  0.16  C 

RMS  differences  1.06  C 

Correlation  Cofficient  .931 


CONCLUSIONS 

We  have  described  the  validation  of  remotely  sensed 
estimates  of  mixed  layer  structure  at  and  above  the  ocean 
surface  in  coastal  regions  using  aircraft  data  during 
VOCAR.  Presentation  at  the  conference  and  fiiture  work 
will  include  more  cases  from  the  VOCAR  period  and  other 
experiments. 
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Abstract  -  A  new  retrieval  technique  has  been  developed 
which  resolves  some  of  the  vertical  structure  of  lower 
tropospheric  water  vapor  over  oceans  from  space.  The 
relationship  is  demonstrated  by  comparisons  between 
direct  measurements  of  the  water  vapor  profile,  by 
radiosondes,  and  coincident  estimates  of  the  horizontal 
turbulence  structure  of  Integrated  Water  Vapor,  using  the 
TOPEX  Microwave  Radiometer  (TMR).  Correlation  is 
highest  between  the  turbulence  structure  and  the  lower, 
boundary  layer,  component  of  the  water  vapor  profile. 
The  relationship  is  next  applied  to  a  two  year  time  series 
of  TMR  data  at  Wake  Island  in  the  tropical  Pacific.  Both 
TMR  and  the  Wake  Island  radiosondes  indicate  a  periodic 
variation  in  the  water  vapor  height  which  is  consistent 
with  the  Madden  and  Julian  Oscillation  (MJO). 

INTRODUCTION 

Estimation  from  space  of  the  vertically  integrated  water 
vapor  burden  (IWV)  in  the  atmosphere  over  open  ocean 
has  reached  a  mature  and  operational  level  [1]. 
Measurements  by  a  microwave  radiometer  of  the 
upwelling  brightness  temperature  near  the  22  GHz  water 
vapor  line  are  used.  Use  of  the  relatively  weak  22  GHz 
line  results  in  robust  estimates  of  IWV  that  are  largely 
insensitive  to  variations  in  cloud  cover,  sea  surface 
roughness  and  temperature,  and  the  height  distribution  of 
the  water  vapor  [2].  Global  maps  of  IWV  are  routinely 
produced  by  satellite  radiometers,  including  the  SSM/I  on 
board  the  DMSP  platforms,  the  TMR  on  board  the 
TOPEX/Poseidon  satellite,  and  the  microwave  radiometers 
on  board  ERS-1  and  ERS-2.  The  ability  to  infer  some 
additional  information  about  the  vertical  distribution  of 
the  water  vapor  from  the  global  IWV  images  would  add 
significantly  to  their  value. 

A  relationship  has  been  determined  between  the  spatial 
correlation  structure  of  the  horizontal  variations  in  fWV 
and  the  vertical  distribution  of  the  water  vapor  profile. 
The  relationship  can  be  explained  by  first  considering  the 
point-to-point  correlation  structure  of  the  three 
dimensional  water  vapor  density  field.  The  structure 
function  for  this  field  is  given  by 

£»p(^)  =  ([p(r)-p(r  +  ?)f)  (1) 


where  s  is  the  magnitude  of  the  separation  between  points, 
p(  r  )  is  the  water  vapor  density  at  r  ,  and  the  expectation 
is  over  all  realizations  of  the  random  function  p(r  ).  If 
the  separation,  s,  is  assumed  to  lie  within  the  inner  and 
outer  scales  of  isotropic  turbulence,  then  Kolmogorov 
turbulence  theory  predicts  a  relationship  of  the  form 

D,{s)  =  C^s^  (2) 

where  Cp  ,  the  structure  constant  of  the  turbulence,  scales 

according  to  the  magnitude  of  the  water  vapor  variability 
and  a,  the  power  law  exponent,  is  a  measure  of  the  rate  at 
which  the  water  vapor  distribution  decorrelates  with 
separation  distance  [3].  For  the  case  of  isotropic 
turbulence  in  three  dimensions,  a=2/3  [3].  If  the 
separation,  s,  is  'arger  than  the  outer  scale  (typically  in  the 
tens  of  meters),  tuen  (2)  will  not  be  strictly  obeyed.  For 
example,  will  become  independent  of  s  at  separations 

so  widely  spaced  that  the  water  vapor  is  essentially 
uncorrelated.  Eqn.  (2)  can  be  considered  a  local  model  for 
the  behavior  of  the  correlation  structure  in  different 
regions  of  the  separation,  with  a  considered  a  region 
dependent  variable.  For  separations  between  the  inner 
and  outer  scales  of  isotropic  turbulence,  a=2/3.  For  very 
large  separations,  (X=0.  In  between  these  two  extremes, 
we  expect  a  to  decay  from  2/3  to  0. 

Measurements  of  IWV  are  related  to  p(  r  )  by 

IWV{x)  =  j^p  (r  =  {x,  z))dz  (3) 

where  x  denotes  the  two  dimensions  of  horizontal 
variability  of  the  IWV  field  and  z  is  the  height.  The 
spatial  correlation  structure  function  for  the  IWV  field  is 
defined,  in  the  same  manner  as  the  three  dimensional 
field,  as 

Aw  (s) = ([/w(je)  -  /w(i + ) .  (4) 
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If  the  separation,  s,  lies  within  the  inner  and  outer  scales 
of  isotropic  turbulence  for  the  water  vapor  field,  then 
Kolmogorov  theory  predicts  a  relationship  of  the  form 

^iwv  (^)  ~ 

where  the  power  law  exponent  is  given  by  |5=5/3  [3].  We 
can  locally  fit  the  actual  behavior  of  Dj^  to  (5)  for 

separations  beyond  the  outer  scale.  We  expect  P  to  roll  off 
from  5/3  to  0  as  s  increases  to  very  large  separations. 

The  behavior  of  P  as  a  function  of  separation  is  also 
influenced  by  the  finite  vertical  extent  of  the  water  vapor 
distribution.  Even  for  the  case  of  isotropic  turbulence  on 
all  horizontal  scales,  separations  which  are  an  appreciable 
fraction  of  the  vertical  extent  of  the  bulk  of  the  water 
vapor  will  result  in  two  dimensional  structure  functions 
for  which  P  is  reduced  below  5/3.  This  aspect  of  the 
dependence  of  P  on  separation  has  been  recognized  and 
studied  by  several  investigators  [4,  5].  Armstrong  and 
Sramek  [4]  estimate  the  dependence  of  P  on  separation 
directly  from  sets  of  phase  differences  between  radio 
interferometer  pairs  with  the  Very  Large  Array  in  Socorro, 
New  Mexico.  They  note  a  range  of  values  0.84<P<1.95 
for  separations  in  the  range  1-10  km.  Treuhaft  and  Lanyi 
[5]  corroborate  this  behavior  with  numerical  simulations 
which  predict  a  smooth,  monotonic  transition  of  P  from 
5/3  to  2/3  as  the  separation  is  varied  from  much  less  than 
to  much  greater  than  the  height  of  a  slab  of  water  vapor 
which  is  isotropically  turbulent  on  all  scales  in  the 
horizontal  direction.  Note  that  their  model  does  not 
incorporate  the  additional  roll  off  of  P  with  separation  due 
to  the  finite  outer  scale  in  the  horizontal  direction. 

TMR  AND  RAOB  DATA  PROCESSING 

The  rWV  data  used  in  this  study  were  measured  by  the 
TMR  [2].  TMR  measures  the  brightness  temperature  in 
the  nadir  direction  at  18,  21,  and  37  GHz  and  estimates 
the  path  delay,  PD,  due  to  water  vapor.  Because  the  PD  is 
nearly  linearly  proportional  to  the  IWV  [6],  we  use  its 
turbulence  structure  to  estimate  the  power  law 
dependence,  P,  of  the  water  vapor  distribution.  TMR  data 
are  recorded  every  5.8  km  along  the  satellite  ground  track. 
In  our  study  here,  we  determine  the  structure  function, 
^iwv  using  sequential  measurements  of  PD  within 

a  specified  interval  and  approximating  the  expectation 
operator  in  (4)  by  an  average  over  the  data  in  that  interval. 

An  estimate  of  the  power  law  dependence,  p,  is  made 
using  a  log/log  linear  regression  of  the  structure  function 
versus  separation.  We  include  only  estimates  of  Dj^  (s) 
over  the  range  11.6<s<29.0  km  in  our  regression  fit.  This 


range  has  been  found  to  produce  a  good  correlation 
between  P  and  coincident  estimates  of  the  water  vapor 
scale  height,  as  measured  by  the  radiosondes. 

Coincident  radiosonde  measurements  were  assembled 
as  part  of  the  TMR  flight  validation  program  [2]. 
Radiosondes  provide  a  direct  measure  of  the  vertical 
profile  of  absolute  humidity.  One  measure  of  the 
characteristic  height  of  the  water  vapor,  which  we  use 
here,  is  the  fractional  height,  H(f).  H(f)  is  defined  as  the 
height  below  which  some  fraction,  f,  of  the  total  water 
vapor  burden  lies. 

The  flight  validation  program  for  TMR  involves  daily 
collection  of  radiosonde  data  from  24  island  launch  sites 
which  lie  within  50  km  of  the  satellite  ground  track  [2]. 
We  have  selected  the  subset  of  radiosonde  launches  which 
occurred  within  100  min  of  a  satellite  overpass. 
Corresponding  TMR  data  are  selected  which  lie  within  a 
specified  radius  of  the  radiosonde  launch  site.  This  radius 
is  determined  independently  for  each  overpass  so  that  the 
standard  deviation  of  path  delay  samples  within  the  radius 
remains  approximately  the  same.  This  controls  for  large 
changes  in  the  statistics  of  the  vapor  field  over  the 
ensemble  of  data  from  which  the  turbulence  structure  is 
estimated.  The  average  value  for  the  radius  was  500  km 
and  results  in  a  path  delay  standard  deviation  of  ~2.0  cm. 

TMR/RADIOSONDE  INTERCOMPARISON 

Scatter  plots  of  H(f)  versus  the  turbulence  parameter  P 
are  shown  in  Figure  1.  Fractional  heights  are  shown  with  f 
=  10%  and  50%.  In  both  cases,  the  general  trend  is  as 
expected.  Higher  rates  of  decorrelation  with  separation 
(higher  values  for  P)  generally  correspond  to  lower 
characteristic  heights  of  the  water  vapor  profile.  The 
correspondence  appears  stronger  for  the  10%  fi'actional 
height.  We  conjecture  that  this  may  be  due  to  the  stronger 
correspondence  between  the  lower  fractional  height  and 
the  thickness  of  the  water  vapor  in  the  ocean/atmosphere 
boundary  layer.  This  boundary  layer  water  vapor  is  better 
mbced  and,  hence,  more  representative  of  three 
dimensional  isotropic  turbulence  than  are  the  higher 
regions  of  the  profile. 

A  second  comparison  between  the  radiosonde  height 
and  P  is  possible  by  examining  a  continuous  time  series  of 
the  two  values  at  a  common  location.  The  TMR-derived 
estimates  of  p  are  based  on  an  ensemble  of  data  from  an 
entire  orbit  cycle  (9.9  days),  using  all  satellite  ground 
tracks  with  closest  approach  points  within  150  km  of  the 
launch  site.  The  radiosonde  heights,  which  are  generally 
available  twice  daily,  have  been  smoothed  by  a  triangular 
running  average  of  ±10  days  to  approximate  the  effective 
time  average  imposed  by  the  TMR  processing.  A  sample 
of  the  results  is  shown  in  Figure  2  for  the  Wake  Island 
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Figure  lb.  P  vs.  50%  height  of  water  vapor  profile. 


radiosonde  station  (latitude  19.28  North,  longitude  166.65 
East).  Both  radiosonde  height  and  p  time  series'  display 
an  oscillating  behavior  which  is  consistent  with  the  MJO 
period  of  40-50  days  [7].  The  phase  coherence  between 
the  two  time  series'  suggests  that  they  are  responding  to 
correlated  characteristics  of  the  water  vapor  profile.  In 
addition  to  the  similar  MJO  signatures,  both  time  series' 
also  have  a  similar  response  to  the  seasonal  variation  in 
the  height  of  the  water  vapor  profile.  Higher  levels  are 
noted  during  the  1994  and  1995  summers  in  both  the 
radiosonde  height  and  the  turbulence  scale  height  which 
can  be  inferred  from  p. 
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1265 


Rain  Measurement  with  SIR-C/X-SAR 


R.  K.  Moore,  A.  Mogili,  Y.  Fang,  B.  Beh,  A.  Ahamad 
University  of  Kansas,  Radar  Systems  and  Remote  Sensing  Laboratory 
2291  Irving  Hill  Road,  Lawrence  KS  66045-2969  USA 
TEL:  913/864-4736  ,  FAX:  913/864-7789  ,  E-mail:  rmoore@eecs.ukans.edu 


Abstract-Rain  measurements  by  ground-based  radar  are 
unavailable  in  many  parts  of  the  world,  especially  the  oceans. 
Because  many  SARs  will  be  flying  in  space,  we  (a  group 
headed  by  Dr.  F.  Li  of  JPL)  performed  an  experiment  using 
the  SIR-C/X-SAR  radars  to  test  the  ability  of  spacebome 
SARs  to  measure  rain  rates.  SAR  resolution  in  rain  is 
degraded  by  Doppler  shifts  due  to  turbulent  motion  of  the  rain 
(Atlas  and  Moore,  1987).  The  wide  vertical  beam  required  to 
achieve  SAR  ground  coverage  means  that  one  must  accept  a 
path-integrated  estimate  of  the  rain  rate.  We  used  two 
approaches  to  rain  measurement  using  the  SIR-C/X-SAR 
radars  pointed  well  off  vertical.  Over  the  western  Pacific 
Ocean,  we  used  the  strength  of  the  rain  echo  to  estimate  rain 
rate  using  an  appropriate  Z-R  relation,  as  do  ground-based 
radars.  To  separate  rain  echo  from  surface  echo,  one  must 
estimate  the  surface  contribution  to  the  signal.  Over  the 
Amazon  rain  forest  where  the  shadows  are  obvious  we  used 
the  reduction  of  signal  in  the  shadow  due  to  attenuation 
through  a  rain  storm. 

THE  EXPERIMENT 

SIR-C  was  a  multi-polarized  SAR  with  frequencies  in  L 
band  and  C  band  while  the  X-band  X-SAR  used  only  vertical 
(VV)  polarization.  The  SRL-1  mission  was  in  April  1994, 
and  the  SRL-2  mission  in  September-October  1994.  We 
obtained  storm  images  from  both  in  both  the  southwest 
Pacific  and  in  Brazil. 

We  could  only  turn  the  radars  on  a  few  times,  with  requests 
needed  about  20  hours  in  advance  for  the  southwest  Pacific 
passes.  The  Brazil  passes  were  scheduled  for  other  purposes. 
For  rain  forecasts,  the  JPL  team  used  cloud  IR  images  from 
the  GMS  satellite  and  the  Kansas  team  obtained  forecasts  of 
precipitation  from  the  Australian  Bureau  of  Meteorology  at  6- 
hour  intervals.  Forecast  maps  from  the  Singapore  Meteoro¬ 
logical  Service  were  also  used. 

THE  PACIFIC  OCEAN  EXPERIMENT 
Methodology 

Users  of  ground-based  weather  radars  get  rain  rates  by 
inverting  the  radar  equation  for  volume  scatter.  The  volume 
scattering  coefficient  relates  to  the  quantity  Z,  the  mean  sum 
of  (drop  sizes)6  /m3  in  mm6  /m3  by 

n  =  10-10-^ 

A 

where  |  |  ^  is  a  function  of  the  refractive  index  of  water, 
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temperature  and  wavelength,  and  r)  is  the  volume-scattering 
coefficient.  For  practical  purposes,  at  the  wavelengths  and 
temperatures  here,  we  may  consider  it  to  be  0.93. 

Many  relations  have  been  reported  between  Z  and  rain  rate 
R  [1,2].  We  elected  to  use  two  relations:  Z  =  300RL5  and 
Z  =  170R1.47  from  [3],  based  on  drop-size  distribution  for 
convective  cells  measured  in  the  area  of  our  experiment 
during  TOGA-COARE. 

To  determine  the  scattering  volume  we  had  to  assume  a 
height  for  the  rain  column  and  the  rms  turbulent  velocity 
needed  to  get  the  along-track  resolution.  The  thickness  of  the 
cell  is  the  range  resolution.  The  width  of  the  shell  must  be 
determined  from  the  assumed  rms  turbulent  velocity.  Using 
the  analysis  of  [4],  this  width  (the  azimuth  resolution)  is 

2u,R  (2) 


where  u^  is  the  rms  turbulent  velocity  assumed  for  the  rain 
drops  and  u  is  the  spacecraft  speed.  Our  analysis  applies  only 
when  the  entire  range  shell  is  within  the  storm.  We  ignored 
other  cases  in  our  calculations. 

This  result  can  only  be  used  when  is  small  enough  to  be 
ignored.  If  we  must  consider  the  attenuation  to  the  bottom  of 
the  storm,  one  must  correct  the  volume  V  of  a  range  shell  for 
the  differential  attenuation  suffered  by  different  parts  of  the 
shell.  Of  the  numerous  values  of  extinction  coefficient  K^j.  in 
the  literature,  we  used  [5] 

Kg -0.002R  dB/km  or  0.00023R  Np/km  at  C  band  (;i=5.7  cm) 

(3) 

Kg  =0.008R1.1  dB/km  or  0.00092R^  ^  Np/km  at  X  band  {X=3.2  cm). 

These  expressions  require  the  rain  rate,  which  is  initially 
unknown,  so  an  iterative  procedure  is  necessary. 

Since  both  rain  echo  and  surface  echo  are  random  signals, 
we  may  get  the  rain  echo  by  subtracting  an  estimate  of  the 
surface  echo.  We  could  use  the  surface  echo  from  rain-free 
regions  nearby,  but  this  ignores  both  the  effect  of  higher 
winds  in  a  convective  cell  and  of  raindrops  striking  the  water 
[5,6].  We  estimated  the  wind  in  the  convective  cells  to  be  15 
m/s  (may  be  high),  and  obtained  the  scattering  coefficient 
from  the  CMOD4  model  [7]  for  C  band  and  the  SASS  model 
[8]  for  X  band,  assuming  cross-wind  conditions. 

Observations 

Pass  13.4  of  the  Shuttle  Radar  Lab  (SRL)  was  near  Ontong 
Java  Atoll  in  the  South  Pacific  with  an  angle  of  incidence  of 
48°.  The  center  of  the  images  is  at  6°  S  159°  E.  Fig.  1 
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Fig.  1  L-,  C-,  and  X»band  images  for  pass  13.4  at  6°  S  159°' 
E.  The  bright  curved  lines  present  in  all  images  are 
from  Ontong  Java  Atoll.  Rain  cells  are  apparent  to 
the  east  of  the  atoll  in  the  C-  and  X-band  images. 


shows  100-km-long  L-,  C-,  and  X-band  images  of  the  area. 
The  outline  of  a  part  of  Ontong  Java  Atoll  shows  in  all 
images  and  we  see  rain  cells  in  the  C-band  and  X-band 
images.  We  analyzed  the  strong  storm  cell  that  shows 
roughly  between  710  and  790  on  the  horizontal  axis.  Dark 
spots  on  the  L-band  image  occur  near  the  brightest  regions  on 
the  C-  and  X-band  images,  suggestg  echo  rain  drops  hitting 
the  surface  as  reported  by  Atlas  [9]. 

We  assumed  the  storm  height  to  be  4.5  km,  and  a  reason¬ 
able  value  of  3.5  m/s  as  the  rms  turbulent  velocity  in  the 
storm.  Clearly  the  assumptions  used  affect  the  rain  estimates. 

We  computed  rain  rates  for  three  storms  during  the  first 
mission  and  one  during  the  second  mission,  but  we  report 
here  results  of  only  one  set  of  measurements.  Each  storm  was 
a  relatively  small  cell,  obviously  convective  from  its  size. 

Tables  1  and  2  show  the  measured  apparent  rain  signal  in 
dBZ,  ordered  by  signal  strength  in  different  parts  of  the  storm 
echo.  The  corrected  values  shown  (dBZl  for  Z=300R^  ^  and 
dBZ2  for  Z=170R^  come  from  removing  the  surface  echo 
using  attenuation  of  the  surface  echo  for  each  of  the  Z-R 
relations.  The  rain  rates  (Rl,  R2)  are  based  on  the  two  Z-R 
relations.  Finally,  we  show  a  modified  dBZ  and  a  corrected 
rain  rate  (RIC,  R2C)  based  on  the  correction  for  attenuation 
of  part  of  the  rain  echo. 

The  rain  rate  using  the  expression  of  [3]  is  nearly  double 
that  for  Z=300R^  We  believe  that  the  higher  rate  is  likely 
to  be  a  better  estimate  because  it  is  based  on  convective 
storms  in  the  same  part  of  the  world.  Unfortunately,  no 
surface  measurements  are  available  to  verify  this.  Auki, 
Malaita,  Solomon  Islands  weather  station  reported  thunder¬ 
storms  in  the  vicinity. 

The  C-band  dBZ  values  often  are  larger  than  those  at  X 
band  without  the  attenuation  correction.  However,  the 
attenuation-correction  seems  to  overcorrect  the  X-band  values. 


This  could  be  due  to  overestimating  the  attenuation  rate  using 
(3),  to  non-uniform  density  of  the  rain,  or  to  some  other 
problem. 
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Mod 

R2 

R2C 

dBZl 

mm/hr 

mm/hi' 

dBZ2 

mm/hr 

mm/hr 

46.8 

45.5 

45.7 

24.2 

24.7 

45.6 

45.9 

41.6 

43.2 

46.9 

45.7 

45.9 

24.8 

25.5 

45.8 

46.1 

42.8 

44.7 

47.4 

46.3 

46.5 

27 

28.0 

46.3 

46.6 

46.7 

48.6 

A1  1 

Afx  7 

Aft  0 

9Q  1 

29.8 

46.8 

47.1 

50.4' 

52.9 

H  /  .  1 

HU.  / 

48.1 

47.2 

47.4 

31,2 

32.2 

47.3 

47.6 

54.1 

57.5 

48.3 

47.5 

47.7 

32.6 

33.8 

47.5 

47.9 

56.6 

59.5 

Table  1  C-band  rain  reflectivity  and  rain  rates,  SRL-1. 
Location  5°S  159°E. 

dBZ  is  rain  reflectivity  with  no  corrections.  dBZl  is  value  corrected  for 
surface  echo,  assuming  attenuation  for  rain  rate  Rl  obtained  w/Z  =  300R* 
Mod  dBZl  is  value  of  dBZl  corrected  using  effect  of  attenuation  on  rain 
echo.  RIC  is  Rl  value  corrected  using  effect  of  attenuation  on  rain  echo. 
dBZ2  is  value  corrected  for  surface  echo,  assuming  attenuation  for  rain  rate 
R2  obtained  with  Z=170R‘  Mod  dBZ2  is  value  of  dBZ2  corrected  using 
effect  of  attenuation  on  rain  echo.  R2C  is  R2  value  corrected  using  effect  of 
attenuation  on  rain  echo. 


dBZ 

dBZl 

Mod 

dBZl 

Rl  RIC 
mm/hr  mm/hr 

dbZ2 

Mod  R2 
dBZ2  mm/hr 

R2C 

mm/hr 

44.7 

43.8 

44.4 

18.5 

20.4 

43.9 

45.0 

31.8 

37.6 

46.3 

45.7 

46.6 

25.1 

28.3 

46 

47.5 

43.4 

56.3 

47.4 

47 

48.0 

30.2 

35.6 

47.1 

48.9 

52.5 

70.7 

48.1 

47.7 

48.9 

33.9 

40.4 

'47.8 

49.9 

59.1 

82.1 

48.3 

48 

49.2 

35.3 

42.7 

48.1 

50.3 

61.7 

87.3 

48.7 

48.7 

50.1 

39.5 

48.6 

48.8 

51.2 

69.3 

101.9 

Table  2  X-band  rain  reflectivity  and  rain  rates,  SRL-1. 

Location  5°S  159°E.  Legend  same  as  Table  1. 

THE  AMAZON  RAIN  FOREST  EXPERIMENT 
Methodology 

Meneghini  [10,11]  proposed  a  surface-reference  technique 
(SRT)  to  estimate  the  path-averaged  rain  rate  from  the  direct 
measurement  of  total  rain  attenuation,  using  the  difference 
between  signals  from  the  surface  in  rain  and  outside  the  rain 
area.  We  used  this  method  to  estimate  rain  rate  from  rain 
shadows  on  images  of  the  Amazon  rain  forest.  Surface 
echoes  in  the  shadow  are  given  by  a^A,  where  A  is  the 
attenuation  factor.  If  we  know  the  path  length  through  the  rain 
volume  between  radar  and  surface  target,  we  can  get  the 
attenuation  coefficient  in  dB/km.  Inverting  the  usual  Kgj.-R 
law  gives  the  average  rain  rate. 

This  technique  does  not  use  any  rain-echo  information.  The 
surface-reference  technique  depends  on  comparing  echoes  in 
the  shadow  that  are  reduced  by  the  integrated  rain  attenuation 
with  echoes  outside  the  shadow  region.  We  used  a  simple 
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Returned  Power  (dD>  Returned  Power  (dB) 


model  to  characterize  the  radar  signal  returns  for  the  rain  cell. 
Assumptions  for  the  model  are:  1)  the  rain  is  in  a  rectangular 
cylinder  with  height  of  h  and  width  of  w;  2)  the  a®  of  the 
surface  clutter  is  assumed  to  be  constant;  3)  the  volume 
scattering  from  the  rain  is  much  smaller  than  the  surface  echo. 

The  model  has  two  cases:  1)  rain  cell  is  long  enough  for  a 
complete  ray  from  top  to  ground  within  the  rain,  a  low  but 
widespread  rain  cell;  and  2)  a  higher  but  smaller  rain  cell,  in 
which  the  ray  from  the  top  of  the  rain  passes  out  the  back  of 
the  cell  and  therefore  has  less  attenuation. 

Fig.  2  shows  the  simulated  range-profile  signal  for  the 
model.  The  profile  for  the  ground  returns  contains  three 
segments.  In  the  first  segment,  the  surface  return  decreases 
with  range  with  a  slope  proportional  to  the  attenuation  factor. 
In  the  second  segment  the  attenuated  path  length  remains 
constant,  as  does  the  ground  return.  In  the  third  segment  the 
return  increases  with  the  increasing  range  until  the  radar  beam 
misses  the  rain. 


h  tan(thcta)  <  w 


Note  the  shift  for  the  rain  cell  shown  in  the  upper  right  comer 
of  Fig.  3.  The  rain  shadows  usually  appear  to  have  a  fan 
shape.  This  may  be  because  of  the  irregular  shape  of  the  rain 
cell,  but  the  very  long  synthetic  aperture  of  a  spacebome  SAR 
can  also  contribute  when  the  signal  from  only  one  end  of  the 


......  .  ^  .  km 

Fig.  3  X-SAR  rain  cell  image  over  Amazon  rain  forest.  Data 
take  ID  103.60 

Since  the  image  pixels  for  the  rain  cell  and  its  shadow  are 
not  necessarily  well  aligned,  we  cannot  get  the  correct  range 
profile  of  the  signal  return  for  the  rain  by  plotting  the  signal 
returns  on  the  same  range  line.  To  determine  the  right 
value  at  a  certain  range,  we  pick  portions  with  the  strongest 
return  along  the  track  when  the  range  is  within  the  rain,  while 
we  pick  portions  with  the  weakest  returns  beyond  the  rain 
(inside  the  rain  shadow). 

Observation 

Here  we  used  the  image  from  pass  103.60  taken  by  SIR- 
C/X-SAR  at  43®  incidence  over  the  Amazon  rain  forest  region 
during  SRL-2.  The  overall  results  are  stated  in  Table  3.  The 
surface-reference  technique  (attenuation  method)  gives 
excellent  results  compared  with  the  backscatter  method  used 
over  the  ocean.  Both  X-  and  C-band  data  give  reasonable  and 
similar  results.  The  rain  rates  obtained  from  the  C-Band  image 
are  less  than  from  the  X-Band  image;  but  with  the  uncertain¬ 
ties  in  the  K^j.  relations,  these  differences  are  not  large. 


Fig.  2  Profiles  of  expected  signals  in  presence  of  rain  cell. 
Note  that  for  case  1,  the  path  length  within  the  rain 
cell  CC’  is  equal  to  BB’  whereas  for  case  2,  CC’  = 
BB’-BC.  This  is  an  uncertainty  in  path  length  deter¬ 
mination. 

The  Doppler  frequency  shift  from  rain  drop  motion  can  shift 
the  rain  echo  away  from  the  shadow  by  as  much  as  1  km. 


CONCLUSIONS 

Spacebome  SAR  could  provide  information  about  rain  rates 
in  suitable  areas  of  the  world,  but  the  errors  in  the  rain  rates 
retrieved  can  be  large  because  of  the  many  assumptions 
needed.  However,  the  ground-mapping  SARs  are  far  from 
optimum  for  the  purpose.  A  special-purpose  SAR  for  rain  [4] 
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would  not  have  these  limitations,  but  would  be  expensive  for 
this  application. 

Our  two  approaches  used  Z-R  relations  for  ocean  and 
measurement  of  attenuation  through  rain  cells  for  land.  We 
presented  examples  of  use  of  both  methods  for  the  SIR-C/X- 
SAR  radars  flown  on  the  Shuttle  in  1994.  Retrieved  rain  rates 
over  the  Southwest  Pacific  were  more  variable  because  they 
required  so  many  assumptions.  Rain  rates  retrieved  over  the 
Amazon  rain  forest  were  less  variable  because  we  needed  to 
make  fewer  assumptions. 


Frequency 

Band 

a 

b 

Attenuation 
(two  way  in 
dB) 

Path  Length 
within 

raincell  (km) 

rain  rate 
(mm/hr) 

X 

0.008 

1.1 

5.4 

6.5 

83  cell  1 

c 

0.002 

1 

2.0 

6.5 

77  cell  1 

X 

0.008 

1.1 

5.5 

6.1 

89  cell  2 

c 

0.002 

1 

2.0 

6.1 

82  cell  2 

X 

0.008 

1.1 

7 

5.5 

128  cell  3 

c 

0.002 

1 

2.4 

5.5 

109  cell  3 

Table  3  Rain  rates  in  the  Amazon  rain  forest. 

We  estimated  rain  rates  over  the  ocean  in  the  range  of  20  to 
140  mm/hr  using  a  Z-R  relation  based  on  drop-size  distribu¬ 
tions  measured  in  convective  storms  in  the  same  general  area. 
Rain  cells  over  the  Amazon  basin  show  bright  echoes  at  X 
band  and  strong  shadows  at  both  X  band  and  C  band.  Rates 
of  77  to  109  mm/hr  were  estimated  using  the  attenuation 
method.  These  seem  reasonable  for  tropical  convective 
storms.  We  believe  this  first  attempt  at  using  off-nadir  SAR 
rain  echoes  and  shadows  to  determine  the  rain  shows  that  the 
methods  used  have  potential  to  expand  our  climatology  of  rain 
by  use  of  spacebome  SARs. 
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Abstract  —  The  Landsat-7  Image  Assessment  System  (IAS), 
part  of  the  Landsat-7  Ground  System,  will  calibrate  and 
evaluate  the  radiometric  and  geometric  performance  of  the 
Enhanced  Thematic  Mapper  Plus  (ETM4')  instrument.  The 
IAS  incorporates  new  instrument  radiometric  artifact 
correction  and  absolute  radiometric  calibration  techniques 
which  overcome  some  limitations  to  calibration  accuracy 
inherent  in  historical  calibration  methods.  Knowledge  of 
ETM-f  instrument  characteristics  gleaned  from  analysis  of 
archival  Thematic  Mapper  in-flight  data  and  from  ETM+ 
prelaunch  tests  allow  the  determination  and  quantification  of 
the  sources  of  instrument  artifacts.  This  a  priori  knowledge 
will  be  utilized  in  LAS  algorithms  designed  to  minimize  the 
effects  of  the  noise  sources  before  calibration,  in  both  ETM+ 
image  and  calibration  data.  Gain  and  Bias  estimates  for  each 
ETM-h  detector  that  are  derived  from  onboard  calibrators  are 
tracked  with  Ground  based  measurements,  and  with  prelaunch 
measurements  of  instrument  gains  and  biases  as  part  of  a 
Combined  Radiometric  Model  (CRaM),  to  yield  improved 
estimates  of  absolute  gain  and  bias  per  channel.  Trends  in 
these  instrument  parameters  are  observed  and  recorded, 
allowing  for  the  development  of  analytic  models  of  detector 
gain  and  bias  as  functions  of  time  and  instrument  state.  IAS 
radiometric  calibration  methodology,  utilizing  precalibration 
artifact  correction  in  conjunction  with  CRaM  gain  and  bias 
determination,  provides  a  more  consistent  absolute  calibration 
of  the  ETM-h  than  that  possible  with  historical  TM  calibration 
approaches. 

0-7803-3068-4/96$5.00©1996  IEEE 


HISTORICAL  PERSPECTIVE 

The  Thematic  Mapper  (TM)  instruments  flown  on  Landsats 
4  and  5  were  designed  to  provide  image  data  to  an  overall 
absolute  radiometric  calibration  accuracy  of  10  per  cent,  and 
a  band  to  band  accuracy  of  better  than  2  per  cent  [1].  The 
TM  only  has  one  onboard  calibration  reference  source,  the 
Internal  Calibrator  (IC)  comprised  of  three  halogen  lamps  for 
reflective  band  cahbration  and  a  heated  black  body  for 
emissive  band  calibration.  Thus,  TM  absolute  radiometric 
calibration  has  been  a  daunting  task.  Within-band  relative 
calibration  has  also  proven  somewhat  difficult,  as 
uncertainties  in  the  position  of  the  IC  shutter  and  in  the 
knowledge  of  cal  pulse  intensity  as  a  function  of  position 
along  the  shutter  flag  have  led  to  errors  in  the  determination 
of  each  detector's  response  to  input  radiance. 

Further  con^licating  TM  cahbration  has  been  the  presence 
of  various  sources  of  instrument,  spacecraft  and  transmission 
noise  that  have  introduced  radiometric  "artifacts"  such  as 
Scan  Correlated  Shift  (SCS),  Memory  Effect  (ME),  and 
Coherent  Noise  (CN),  amongst  others,  into  TM  imagery. 
These  artifacts  place  further  limits  on  the  radiometric  quahty 
of  TM  imagery. 

Two  approaches  have  traditionally  employed  to  cahbrate 
TM  imagery.  The  method  developed  at  NASA/GSFC  uses  a 
least  squares  regression  technique  on  data  provided  from  the 
IC  to  find  a  nominal  gain  and  offset  for  each  detector,  based 
on  cal  data  provided  with  the  scene  [2].  A  variant  of  this 
approach  has  offsets  determined  scan  by  scan. 
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Resultant  image  Digital  Numbers  (DN)  are  rescaled  to 
provide  optimal  band  average  dynamic  range.  These  rescaled 
values  are  then  subjected  to  a  histogram  normalization  process 
to  minimize  residual  detector-to-detector  uncertainties 
(reducing  residual  image  striping).  Normalized  DN  are 
finally  related  to  absolute  spectral  radiance. 

The  CCRS  method  can  be  thought  of  as  the  inverse  of  the 
NASA  technique  [3].  Detector  offsets  are  removed  on  a  scan 
by  scan  basis.  Then  within  each  band,  matching  of  detector 
response  histograms  from  the  scene  being  processed  is  used 
to  relate  all  other  detector  responses  to  that  of  a  preselected 
“reference”  detector.  The  result  is  a  set  of  detector 
differential  gains  and  offsets  employed  to  relatively  correct  the 
image.  Response  of  the  reference  detector  to  IC  lamp 
radiance  is  then  employed  to  effect  subsequent  absolute 
calibration. 

While  each  historical  technique  appears  to  have  been 
adequate  to  provide  TM  data  calibrated  to  the  original 
specification,  both  poses s  characteristics  that  make  them  less 
than  optimal.  Initially,  these  calibrations  are  essentially  scene 
based.  That  is,  gains  and  offsets  are  determined  only  from 
calibrator  data  available  from  the  scene  currently  being 
processed.  Uncertainties  in  estimates  of  these  parameters 
result  in  variations  in  calibration  from  scene  to  scene,  often 
resulting  in  obvious  discontinuities  along  scene  boundaries  in 
mosaics  of  adjacent  path- rows.  Studies  of  TM  data  suggest 
that  detector  gains  are  actually  quite  stable  over  long 
intervals;  variance  in  true  gains  is  much  smaller  than  the 
uncertainty  in  gain  estimates  derived  from  a  single  scene's 
calibrator  data,  using  historical  techniques. 

Next,  image  artifacts  have  not  been  adequately  addressed. 
Only  Banding  and  Striping  have  been  handled  with  any  degree 
of  success,  using  histogram  normalization  techmques. 
However,  histogram  normalization  “corrects”  image  striping 
at  the  expense  of  absolute  calibration  knowledge.  Further, 
artifacts  like  ME,  SCS,  and  CN,  which  occur  in  both  image 
and  calibrator  data,  are  typically  not  corrected  at  all. 
Although  small  when  measured  as  a  percentage  of  full 
dynamic  range  (in  TM  data  ME  error  is  typically  4  DN  worst- 
case,  SCS  error  is  on  the  order  of  1  DN  and  CN  is  less  than 
1  DN),  these  errors  can  be  significant  when  attempting  to  use 
data  from  a  low  contrast  image,  or  (as  happens  with  many 
user  applications)  when  using  data  over  relatively  uniform 
spatial  domains  where  the  range  of  radiance  in  some  bands  is 
as  small  as  20  DN  or  less. 

IAS  CALIBRATION  METHODOLOGY 

The  ETM-f  requirement  for  absolute  radiometric  calibration 
of  5  per  cent  is  even  more  stringent  than  that  levied  on  TM. 
The  need  for  better  calibration,  coupled  with  the  need  to 
eliminate  image  artifacts  from  calibrated  data,  have 
determined  the  following  calibration  technique. 


Artifact  Correction 

The  LAS  radiometrically  calibrates  ETMH-  imagery  in  a 
manner  which  differs  fundamentally  from  historical  techniques 
in  two  respects.  Initially,  artifacts  are  removed  from  both 
image  and  IC  data  whenever  possible  in  advance  of 
calibration,  ME,  SCS,  CN,  etc.,  are  sources  of  error  in 
measurements  of  cal  data  as  well  as  imagery.  Upon 
inspection  of  TM  -  IC  data,  the  effects  of  SCS,  CN  and  ME 
on  shutter  samples  are  evident. 

Key  to  the  design  philosophy  of  LAS  is  the  assumption  that 
many  of  the  artifacts  present  in  TM  data  will  exist  in  ETM  -h 
as  well.  This  assumption  is  justified  since  the  ETM  + 
instrument  design  borrows  significantly  from  TM  heritage. 
IAS  models  of  ME,  SCS,  CN  and  other  artifacts  are 
analytical,  based  upon  information  derived  from  TM  analysis 
and  from  ETM+  prelaunch  test  results.  The  results  of  those 
models  are  used  within  Pre-IR  Correction  algorithms  to 
remove  the  artifacts  which  are  known  to  compromise  absolute 
radiometric  calibration.  The  models  are  not  initially  static; 
they  may  be  “tuned”  to  allow  for  ETM-f  idiosyncracies  that 
are  not  discovered  until  on  orbit  data  have  been  processed. 

First  consider  ME.  This  is  a  response  of  each  detector’s 
analog  signal  conditioning  electronics  to  changes  in  detector 
output  that  result  from  changes  in  input  radiance.  In  TM  the 
ME  is  a  third  order  response,  but  is  dominated  by  a  first  order 
RC  “undershoot”  resulting  from  feedback  in  the  detector 
preamps,  having  a  time  constant  on  the  order  of  1000-1100 
minor  frames  (pixels).  ME  has  been  observed  from  the  outset 
in  TM  data,  but  empirical  characterizations  of  the  data  sets 
have  historically  failed  to  note  that  every  phenomenon  from 
“forward-reverse  scan  banding”  to  “bright  target  recovery”  to 
“scan  line  droop”  is  principally  due  to  ME. 

In  anticipation  of  similar  effects  in  ETM  -f ,  the  magnitudes 
and  time  constants  of  the  ETM-f  analog  chain  will  be 
modeled.  The  LAS  ME  characterization  algorithm  investigates 
how  closely  the  instrument  response  actually  follows  the 
model,  and  will  allow  corrections  to  be  made  to  the  initial 
model  as  appropriate.  The  model  is  employed  together  with 
an  estimate  of  each  detector  channel’s  initial  state  at  each 
minor  frame  to  determine  the  magnitude  of  the  ME  correction 
to  be  apphed  to  that  pixel. 

Next  consider  SCS.  Analysis  of  Landsat  4  and  5  TM  data 
have  shown  that  the  shift  is  a  change  in  detector  offset 
correlated  to  the  beginning  of  a  new  scan  and  that  the  amount 
of  shift  in  offset  is  quantized.  L4  generally  exhibits  four 
discrete  shift  states,  L5  TM  only  two.  The  net  magnitude  of 
the  shifts  is  essentially  constant,  and  the  shift  state  of  any  scan 
line  may  be  determined  from  investigation  of  IC  offset  level 
for  that  scan,  after  ME  has  been  accounted  for. 

The  SCS  characterization  algorithm  within  LAS  is  employed 
to  determine  the  number  and  magnitude  of  shift  states,  if  any, 
present  in  ETM-f  data.  SCS  correction  will  introduce 
con^nsating  offsets  to  be  applied  to  aU  minor  frames  within 
scans,  on  a  line  by  line  basis. 
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The  elfects  of  CN  are  present  throughout  an  image,  but  are 
most  apparent  in  regions  of  uniform  input.  CN  in  IC  shutter 
data  is  shown  in  Fig.l  as  a  “herringbone”  pattern  in  the 
otherwise  relatively  uniform  shutter  offset.  In  TM  the  noise 
period  is  approximately  20  minor  frames.  The  artifact  affects 
individual  detector  channels  differently,  but  results  in  either 
positive  or  negative  spikes  in  the  data  that  are  correlated  to 
SCS  state.  This  suggests  the  CN  mechanism  is  related  to  that 
causing  SCS. 

The  IAS  CN  characterization  algorithm  measures  the 
period,  frequency,  magnitude,  and  phase  of  CN  both  within 
the  IC  shutter  region  and  within  the  near-uniform  radiance 
scenes  provided  by  ETM+  Full  Aperture  Cahbration.  This 
information  is  correlated  to  SCS  state.  CN  correction 
determines  the  proper  correction  to  be  applied  to  a  given  scan 
line  based  on  SCS  state  and  after  phase-locking  to  the  noise 
present  in  the  cal  shutter  region  of  a  scan’s  IC  data,  applies  an 
appropriate  magnitude  correction  to  affected  minor  frames  in 
the  given  scan. 

Absolute  Radiometric  Calibration  and  the  CRaM 

After  those  instrument  artifacts  that  can  be  corrected  pre¬ 
calibration  are  removed  to  the  greatest  extent  possible,  the 
image  minor  frame  raw  radiances  (in  DN)  must  be  related  to 
absolute  values  of  spectral  radiance.  In  essence  this  process 
is  the  same  for  ETM+  as  for  TM:  a  linear  transfer  function 
relating  input  minor  frame  measurements  in  DN  to  absolute 
values  of  spectral  radiance  is  determined  for  each  detector, 
for  each  band.  The  transfer  function  is  specified  in  terms  of 
instrument  bias  or  offset  (the  zero  input  radiance  value  in  DN) 
and  gain.  Gains  and  offsets  are  derived  from  calibration  data. 
ETM  +  differs  from  TM  in  that  in  addition  to  the  calibration 
reference  provided  by  the  IC,  periodic  views  of  the  Full 
Aperture  Solar  Calibrator  (FASC)  and  Partial  Aperture  Solar 
Calibrator  (PASC)  are  available.  Further  correlation  of 
measured  at-apeiture  radiance  to  ground  target  irradiance  and 
reflectivity  is  available  through  Ground  Look  Calibrations. 

The  IAS  calibration  process  differs  from  that  employed  for 
TM.  It  makes  optimal  use  of  all  calibration  data  available 
by:  1)  using  gains  and  offsets  derived  from  prelaunch 

calibration  measurements,  2)  determining  gains  (integrated  per 
sc^e  as  well  as  line  by  line)  and  offsets  (line  by  line)  from  all 
IC  data  processed,  relating  these  parameters  to  instrument 
state  (temperatures,  time  since  “on”,  position  in  orbit, 
accumulated  “on”  time  and  accumulated  Ufe),  3)  similarly 
determining  gains  and  offsets  from  PASC  data,  4)  determining 
gains  from  FASC  data,  and  5)  determining  Ground  Look 
derived  gains  and  offsets.  These  parameters  are  trended,  and 
a  statistical  determination  of  the  random  uncertainty  in  each 
individual  parameter  measurement  is  made.  Outlier  rejection 
criteria  are  determined  from  trend  data. 


Those  measurements  not  rejected  as  outliers  are  used  to 
develop  analytic  models  of  the  behavior  of  each  detector  to 
individual  calibration  sources.  These  models  allow  both  the 
determination  of  systematic  differences  between  calibration 
sources  and  the  prediction  of  future  behavior  on  an  individual 
detector  to  cal  source  basis. 

Finally,  individual  cal  source  models  are  integrated  in  the 
Combined  Radiometric  Model  (CRaM),  using  rules 
determined  by  observation  of  the  on  orbit  response  of  the 
instrument  to  each  cal  source,  correlated  with  Ground  Looks. 
These  are  employed  to  weight  the  available  sources  of  gain 
and  offset  to  ^ow  calculation  of  a  “current”  integrated  gain 
and  offset  for  each  detector.  It  is  anticipated  that  these  results 
will  be  well  behaved,  and  can  be  modeled  as  well.  Thus  the 
output  of  the  CRaM  is  a  model  of  detector  gains  and  offsets 
as  functions  of  time  and  instrument  state. 

CONCLUSIONS 

CRaM  ensures  that  an  “optimal”  calibration  model  for  each 
detector  is  maintained  throughout  the  life  of  ETM+ ,  allowing 
the  effects  of  instrument  change  to  be  eliminated  from  long¬ 
term  scientific  applications  of  ETM  +  data.  Additionally,  it 
allows  determination  of  gain  and  offset  on  an  individual  scan 
basis,  affording  the  best  possible  calibration  of  any  image 
scan  and  virtually  eliminating  observed  scene  to  scene 
differences  in  calibration.  When  gain  and  offset  corrections 
supphed  by  CraM  models  are  employed  as  part  of  an  overall 
IAS  cahbration  strategy  including  the  elimination  of 
instrument  artifacts  pre-cahbration,  significant  improvements 
in  radiometiy  over  historical  methods  are  the  result. 
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Abstract-  The  Enhanced  Thematic  Mapper  Plus  (ETM+)  for 
the  Landsat-7  satellite  is  currently  in  the  assembly  and 
integration  stage  with  the  satellite  due  for  launch  in  1998. 
The  ETM+  is  a  derivative  of  the  earlier  Thematic  Mappers 
(TM’s)  flown  on  Landsats  4  and  5.  Chief  among  changes 
designed  to  improve  radiometric  calibration  accuracy  is  the 
Full  Aperture  Solar  Calibrator  (FASC),  a  diffuse  reflecting 
plate  that  can  be  deployed  in  front  of  the  ETM+  aperture. 
With  knowledge  of  the  reflectance  and  illumination  geometry 
of  this  calibrator,  an  absolute  radiometric  calibration  of  the 
ETM+  can  be  performed  in  flight  by  reference  to  the  sun. 
Also  incorporated  on  the  ETM+  is  a  Partial  Aperture  Solar 
Calibrator  (PASC)  which  can  perform  more  frequent,  but  less 
complete  calibrations  of  the  ETM+.  These  two  calibration 
devices,  along  with  an  Internal  Calibrator  similar  to  the  one 
on  the  earlier  TM’s,  constitute  the  on-board  calibration 
capability.  Ground  Look  calibrations  will  supplement  the  on 
-board  measurements. 

INTRODUCTION 

The  Landsat-7  mission  is  to  provide  continuity  with  the  20 
year  record  of  Landsat  imagery  starting  in  1972  with  Landsat- 
1  and  the  Multispectral  Scanner  (MSS).  It  provides  wide  area 
coverage  (-185  km  swath  )  on  a  16  day  repeat  cycle  with 
modestly  high  (15-60  m  depending  on  band)  spatial 
resolution[l].  The  sensor  on  Landsat-7,  the  Enhanced 


Thematic  Mapper  Plus  (ETM+)  is  similar  to  the  Thematic 
Mappers  on  Landsats  4  and  5  and  the  Enhanced  Thematic 
Mapper  built  for  Landsat  6.  This  sensor  is  currently  being 
assembled  and  integrated  at  Santa  Barbara  Remote  Sensing 
(SBRS)  under  contract  to  NASA.  One  of  the  requirements  of 
the  Landsat-7  mission  is  radiometric  calibration  of  the 
ETM+  data  to  an  uncertainty  of  less  than  5%  in  at-aperture 
radiance.  This  requirement,  which  is  more  stringent  than  in 
the  past  for  the  Landsat  program,  is  being  met  by  some 
improvements  in  the  design  and  new  calibration  hardware, 
e.g.,  improved  bandpass  filters  and  full  and  partial  aperture 
calibrators,  a  planned  program  of  ground  look  calibrations  and 
changes  in  the  radiometric  calibration  ground  processing. 
This  paper  addresses  the  new  full  aperture  calibrator,  its  pre¬ 
launch  characterization  and  in-orbit  usage.  A  companion 
paper  [2]  addresses  the  radiometric  processing  changes.  This 
paper  is  an  update  to  [3]. 

FULL  APERTURE  SOLAR  CALIBRATOR  (FASC) 
Design 

The  Full  Aperture  Solar  Calibrator  (FASC)  is  a  white  painted 
panel  that  can  be  deployed  in  front  of  the  ETM+  aperture  and 
diffusely  reflect  solar  radiation  into  the  full  aperture  of  the 
instrument.  The  active  surface  of  the  FASC  is  painted  with 
the  classic  formulation  of  YB7 1 ,  an  inorganic  flat  white  paint 
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designed  for  spacecraft  thermal  control.  This  paint  was 
selected  for  its  near  Lambertian  properties,  high  reflectance, 
and  apparent  stability  in  a  space  environment.  A  painted 
surface  was  selected  over  a  sintered  halon  design,  primarily 
due  to  weight  as  the  panel  active  area  is  20”  in  diameter. 

The  mechanical  design  of  the  FASC  has  changed  since  last 
presented  [3]  and  now  consists  of  a  one  piece  panel  that 
rotates  into  position  beneath  the  aperture,  as  opposed  to  a 
folding  door  apparatus.  This  design  was  selected  for  decreased 
complexity  and  improved  reliability.  The  design  being  built 
(Fig.  1)  stores  the  panel  away  from  the  aperture  beneath  a 
stow  cover,  which  protects  the  calibration  surface  from  UV 
radiation  and  limits  its  exposure  to  contaminants.  When  a 
calibration  is  to  occur  the  panel  is  rotated  into  position  in 
front  of  the  aperture. 

When  in  the  calibrate  position  the  angle  between  the  sensor 
nadir  vector  and  the  panel  normal  is  specified  to  be  23.5°  An 
angle  greater  than  24°  would  allow  earth  shine  to  illuminate 
the  panel  when  it  is  in  use.  In  use  the  panel  can  be 
illuminated  by  the  sun  from  90°  zenith  angle  (sunrise  on 
panel)  to  about  67°  zenith  angle,  above  which  the  instrument 
begins  to  shade  the  panel. 

Calibration  Equation 

In  orbit,  radiometric  calibration  is  provided  using  the  FASC 
per  (1). 

R(d^,d^,(l),X)fcos(e^jX) 

Ttd^ 

Where: 

(A)  is  the  spectral  radiance  for  spectral  band  A 
/?( 0^ ,  ,  0,  A )  is  the  bi-directional  reflectance  factor  (BRF) 

for  the  panel  for  spectral  band  A 
f  is  the  reflectance  enhancement  factor  ('-1.01) 

6^  is  the  ETM+  view  zenith  angle  to  the  panel  (-23.5°) 

6^  is  the  solar  zenith  angle  on  the  panel 
(j)  is  the  relative  azimuth  angle 

is  the  solar  spectral  irradiance  is  spectral  band  A 
d  is  the  earth-sun  distance  in  astronomical  units 

Pre-  Launch  Characterization 

In  order  to  use  the  FASC  for  radiometric  calibration  its 
reflectance  and  geometric  properties  need  to  be  characterized. 
The  reflectance  characterization  is  currently  underway.  The 
plan  consists  of  primarily  measuring  the  witness  samples 
painted  and  kept  with  the  actual  panels.  Measurements  are 


Figurel.  Drawing  of  ETM+  FASC  in  calibration  position 

being  made  by  Hughes  Electroptical  Systems  (EOS)  at  two 
laser  wavelengths,  primarily  to  monitor  the  samples  as  a 
function  of  time.  The  NASA/GSFC  BRDF  facility  is 
characterizing  the  samples  across  the  spectral  range  of  the 
silicon  channels  and  Surface  Optics  is  characterizing  the 
BRDF  in  all  the  channels  using  ETM+  filter  witness 
samples.  To  date  measurements  have  been  made  on  the 
witness  samples  made  with  the  qualification  panel  (non-flight 
test  panel).  The  qualification  panel  itself  is  planned  to  be 
measured  by  GSFC  for  uniformity  in  March  1996.  The  flight 
panels  are  planned  to  be  painted  in  April  1996. 

The  visible  to  near-infrared  reflectance  of  the  FASC 
qualification  witness  sample  is  shown  in  Figure  2  for  the 
nominal  calibration  condition.  The  material  has  a  high 
reflectance,  peaking  at  about  95%  in  ETM+  bands  3  (630-690 
nm)  and  4  (775-900  nm),  falling  to  about  94%  in  band  2 
(525-600  nm)  and  92%  in  band  1  (450-515  nm).  The 
variation  in  reflectance  with  relative  azimuth  angle  of  the 
sample  is  shown  in  figure  3  for  490  nm.  The  FASC  is  used 
at  relative  azimuth  angles  of  18°  to  35°,  depending  on  the 
time  of  year.  The  data  show  a  slow  monotonic  decrease  in 
reflectance  as  one  goes  away  from  the  forescatter  direction 
(0°).  No  variation  with  view  zenith  angle  is  discernible 
across  the  narrow  range  measured.  The  variation  in 
reflectance  as  a  function  of  illumination  zenith  angle  is 
illustrated  in  figure  4.  At  the  ETM+  view  angle  of  the  panel 
(23.5°)  the  reflectance  decreases  with  increasing  illumination 
zenith  angle  from  65°  to  75°. 

The  stability  of  the  YB71  paint  with  exposure  to  UV  light 
has  been  rechecked  using  samples  from  the  batch  of  paint  to 
be  used  for  the  ETM+  flight  parts.  On  exposure  to  5 
equivalent  sun  hours,  roughly  the  equivalent  of  the  lifetime 
exposure  of  the  panel,  no  change  was  observed  at  660  nm  or 
900  nm.  At  400  nm,  which  is  below  the  shortest  ETM-i- 
wavelength,  about  a  2%  decrease  in  reflectance  was  observed. 
This  change  may  be  related  to  carbonization  of  contaminants 
on  the  samples  as  opposed  to  degradation  of  the  material. 
Contamination  is  a  major  concern  for  the  FASC.  Although 
in  flight  the  FASC  is  protected  from  the  bulk  of  the  satellite 
outgassing  by  its  stow  cover,  and  analyses  have  indicated  that 
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Figure  2.  Variation  of  FASC  panel  reflectance  with 
wavelength.  FASC  qualification  witness  reflectance  measured 


Figure  3.  Variation  of  FASC  panel  reflectance  with  azimuth 
eind  view  angle.  FASC  qualification  witness  reflectance 


Figure  4.  Variation  of  FASC  panel  reflectance  with 
illumination  angle  at  ETM+  view  angle  (23.5°).  FASC 
qualification  witness  reflectance  measured  at  GSFC,  1/96 


in  flight  contamination  should  be  small,  some 
contamination  will  occur  during  integration,  test  and  launch. 
The  reflectance  of  witness  samples  will  be  measured 
throughout  the  integration  and  test  program,  though  without 
UV  exposure  these  tests  are  not  expected  to  show  degradation 


due  to  certain  contaminants.  Several  options  are  being 
considered  in  order  to  reduce  the  contamination  of  the  flight 
panel  and/or  its  impact.  The  currently  preferred  option  is  to 
change  out  the  flight  panel  with  its  spare  shortly  before 
launch  so  that  as  clean  as  possible  panel  is  available  in  flight: 
this  poses  some  risk  as  the  panel  is  not  easily  accessible  once 
the  sensor  is  integrated  onto  the  satellite.  Also,  a  delay  in  the 
initial  deployment  to  some  90  days  after  launch  is  being 
considered  to  allow  the  satellite  and  perhaps  panel 
contaminants  to  outgas  prior  to  solar  exposure.  Ways  to 
examine  the  tendency  of  contaminants  to  come  off  the  panel 
in  vacuum  are  being  studied. 

Another  concern  in  using  the  FASC  is  stray  light,  that  is, 
light  which  reflects  off  other  parts  of  the  sensor  or  satellite 
and  illuminates  the  panel.  This  will  contaminate  the 
calibration.  A  stray  light  analysis  of  the  instrument 
conducted  by  SBRS  suggests  that  light  reflected  off  the 
external  instrument  structure  is  negligible.  Stray  light  from 
internal  reflections  off  of  the  optical  surfaces  is  estimated  to 
be  about  1%  of  the  incident  light  on  the  FASC,  hence  the 
1 .01  reflectance  enhancement  factor  in  (1). 

In-Orbit  Usage 

Current  plans  call  for  the  FASC  to  be  deployed 
approximately  monthly  after  an  initial  outgassing  interval. 
Deployment  will  occur  shortly  after  the  satellite  exits  eclipse 
near  the  north  pole.  Data  will  be  acquired  for  about  3 
minutes  of  the  FASC  (roughly  8  scene  equivalents),  as  the 
sun  angle  on  the  panel  goes  from  about  78°  to  67°.  The  at- 
aperture  radiances  will  be  determined  per  (1).  A  regression  of 
instrument  response  after  removing  the  bias  with  the  at- 
aperture  radiances  will  provide  an  absolute  calibration  of  the 
instrument. 
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Abstract  -  Landsat  Thematic  Mapper  (TM)  data  has  traditionally 
been  radiometrically  calibrated  on  an  individual  scene  basis. 
While  this  may  be  adequate  for  many  applications,  particularly 
single  date  applications,  there  are  many  cases  where  more 
advanced  tecMques  are  necessary.  Wife  emphasis  today  on 
global  change,  multi-temporal  analysis  is  common  place.  Thus, 
forms  of  radiometric  calibration  are  required  feat  discriminate 
temporal  change  from  changes  in  instrument  response.  To 
address  this  issue,  a  project  is  underway  to  evaluate  TM 
calibration  at  several  different  time  scales:  short  term, 
intermediate  term,  and  lifetime.  This  paper  will  present  some  of 
the  short  term  results.  Short  term  is  defined  as  within  a  single 
orbit.  Continuous  swaths  of  night  data  have  been  collected  and 
the  individual  scenes,  along  wife  calibration  files,  stitched 
together.  Analysis  of  fee  calibration  files  has  revealed  a  number 
of  interesting  characteristics  about  detector  gain  and  bias  as  well 
as  instrument  anomalies  such  as  memory  effect  and  scan 
correlated  shift.  Detector  bias  is  a  rapidly  vaiying  parameter  feat 
requires  evaluation  and  correction  as  frequently  as  every  scan. 
Detector  gain  varies  significantly  within  an  orbit  in  fee  primary 
focal  plane  in  a  predictable  manner.  Scan  correlated  shift  has 
been  accurately  quantified  and  its  effects  may  easily  be  removed 
from  fee  data.  Memory  effect  is  in  fee  process  of  being 
characterized  and  an  algorithm  is  being  developed  to  remove  it. 
Line  droop  has  been  shown  to  simply  be  due  to  memory  effect. 
Results  from  these  investigations  are  being  used  in  fee 
development  of  radiometric  correction  algorithms  for  fee  Landsat 
7  Image  Assessment  System. 

TM  CALIBRATION  ARCHIVE  SYSTEM 

For  more  than  10  years,  data  have  been  collected  from 
the  Thematic  Mapper  instruments  on-board  Landsat  4  and  5. 
Early  in  fee  lifetime  of  these  instruments  significant  efforts  were 
undertaken  to  ensure  feat  fee  data  were  well  calibrated 
radiometrically  [1-3].  However,  over  fee  passage  of  time  these 
activities  diminished  significantly.  As  a  result,  fee  ability  to 
extract  information  from  these  data  has  been  reduced. 
Fortunately,  fee  imagery  in  fee  archive  is  maintained  with  all  of 
fee  internal  calibration  information  feat  was  obtained  at  fee  time 
of  scene  acquisition.  These  calibration  data  can  be  used  to 
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characterize  fee  instruments  on  several  different  time  scales  and 
can  be  correlated  with  ground-based  calibration  campaign  results. 

To  accomplish  fee  goal  of  extracting  pertinent 
calibration  data  from  the  TM  archive,  fee  TM  Calibration  Archive 
System  (TMCAS)was  developed  [4].  This  system  consists  of  fee 
software  and  hardware  necessary  to  ingest  data  from  8mm  tapes, 
archive  calibration  data  at  several  levels,  calculate  various 
calibration  parameters,  and  also  has  tools  for  plotting  and 
statistical  analysis. 

Calibration  of  TM  will  be  analyzed  at  three  different  time 
scales.  The  shortest  time  scale  considered  is  a  single  orbit.  The 
intent  here  was  to  understand  what  changes  take  place  during  a 
cycle  where  fee  instrument  is  turned  on,  acquires  data 
continuously,  and  then  turned  off.  At  fee  other  extreme, 
calibration  data  will  be  extracted  over  fee  lifetime  of  fee 
instruments.  Obviously,  this  allows  determination  of  any  long 
term  trends  in  detector  response.  Lastly,  an  intermediate  time 
period  will  be  analyzed  corresponding  to  fee  interval  required  for 
one  outgassing  cycle. 

Over  600  scenes  of  TM  data  will  be  analyzed  during  fee 
course  of  this  project.  Current  efforts  has  been  directed  toward 
analysis  of  data  obtained  from  contiguous  single  orbits.  The  rest 
of  this  paper  will  concentrate  on  fee  characterization  of  well- 
known  TM  anomalies,  anomalies  present  in  single  orbit  data,  and 
recommendations  for  calibration  based  on  these  results. 

SINGLE  ORBIT  ANALYSIS 

Initial  analysis  of  single  orbit  data  sets  from  Landsat  5 
has  revealed  several  interesting  anomalies  [4].  Scene  content  has 
a  significant  effect  on  data  recorded  during  fee  calibration  interval. 
This  can  be  observed  by  comparing  data  acquired  during  daytime 
descending  orbital  passes  to  data  acquired  during  ascending,  night 
orbital  passes.  Data  collected  during  night  has  less  variability. 
Additionally,  daytime  data  has  more  variability  on  forward  scans 
fean  on  reverse  scans.  It  is  hypothesized  feat  these  differences  are 
due  to  memory  effect.  Differences  based  on  scan  direction  also 
exist  in  fee  calibration  pulse  magnitude  recorded  by  fee  detectors. 
This  observation  is  independent  of  day  or  night  acquisitions  and 
may  be  due  to  slight  alignment  differences  in  fee  calibration  arm 
assembly  on  forward  and  reverse  scans.  Differences  in  calibration 
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lamp  response  based  on  odd  versus  even  detector  number  appear 
to  be  due  to  the  staggered  detector  arrays  as  they  are  assembled  on 
the  focal  plane.  Lastly,  there  is  what  appears  to  be  a  linear 
decrease  in  response  of  the  detectors  to  the  calibration  pulse  as  a 
function  of  time.  The  decrease  is  independent  of  scan  direction 
and  present  only  in  the  primary  focal  plane.  The  cause  of  the 
phenomenon  is  unknown.  As  it  appears  to  be  a  function  of 
instrument  'on'  time,  it  can  have  a  significant  impact  in  multi 
temporal  studies. 

SCAN  CORRELATED  SHFT 

Scan  correlated  shift  (SCS)  is  a  well-known  TM 
phenomenon  that  was  characterized  in  [5].  SCS  is  a  shift  in 
detector  bias  level  that  occurs  between  scans  at  irregular  intervals. 
Detectors  are  either  in  a  high  or  low  bias  state.  When  a  shift 
occurs,  all  detectors  in  the  instrument  will  change  state  at  the  same 
time.  However,  the  lower  and  upper  bias  levels  vary  throughout 
the  detectors  and  the  amplitude  of  the  shift  varies  as  well.  All 
detectors  are  not  in  phase.  That  is,  when  some  detectors  are  at  the 
high  SCS  level,  others  will  be  at  the  low  SCS  level.  An  example 
of  SCS  is  shown  in  Fig.  1.  The  plot  shows  Band  3  Detector  1 
shutter  averages  for  all  scans  in  a  contiguous  swath  of  data 
extending  over  21  scenes  obtained  on  December  25, 1 984.  SCS 
is  readily  apparent  as  two  distinct  levels  at  approximately  2.55 
and  3.04  DN. 

Characterization  of  SCS  was  originally  done  using  only 
one  scene  of  data  for  Landsat  4  and  one  for  Landsat  5  [5].  In 
order  to  more  accurately  characterize  SCS,  and  to  understand  its 
behavior  as  a  function  of  time,  an  analysis  of  Landsat  5  data 
collected  during  ascending  (night)  orbital  intervals  was 
undertaken.  Two  data  sets  have  been  analyzed  to  date:  Dec  25, 
1984,  path  23,  rows  214-234;  and  Oct  21, 1985,  path  1 16,  rows 
1 99-225.  Night  data  were  chosen  because  scene  content  affects 
calibration  data  through  detector  memory  effect.  Data  similar  to 
that  shown  in  Fig.  1  was  used  to  estimate  SCS  levels.  Because  of 
the  large  amount  of  data  used,  estimates  of  SCS  are  considered  to 
be  quite  accurate-on  the  order  0.01  digital  numbers  (DN).  Those 
detectors  exhibiting  the  largest  SCS  amplitude  are  from  Bands  2 
and  3  with  values  ranging  from  0.68  to  0.83. 

It  is  interesting  to  note  that  the  same  six  detectors  exhibit 
the  largest  SCS  amplitude  in  both  data  sets.  However,  the  ranking 
and  amplitudes  have  changed  appreciably.  Maximum  and  average 
changes  in  SCS  amplitude  by  band  are  listed  below. 

SCS  Amplitude  Change 


Band 

Maximum 

Average 

1 

-0.13 

-0.010 

2 

0.05 

0.008 

3 

-0.27 

-0.179 

4 

0.17 

0.006 

5 

0.17 

-0.004 

7 

0.18 

-0.01 1 

Change  within  an  orbit  is  negligible  and  evidence  suggests  that 


SCS  levels  change  little  as  a  function  of  time. 

When  the  data  collected  for  this  analysis  is  compared 
with  that  obtained  in  [5],  several  interesting  observations  can  be 
made.  First,  the  phase  relationship  between  detectors  is 
consistent.  This  is  true  for  the  data  in  this  study  as  well. 
Generally  speaking,  those  detectors  that  have  large  SCS 
amplitudes  are  the  same  in  both  studies.  Band  3  tends  to  have  the 
largest  values  for  SCS,  while  the  values  obtained  in  this  study  are 
larger  still. 

MEMORY  EFFECT 

Another  well-known  TM  anomaly,  memory  effect  (ME), 
has  been  reported  on  extensively  (cf  [6]).  It  has  most  often  been 
characterized  as  a  decrease  in  detector  sensitivity  after  observation 
of  a  bright  target.  It  is  most  easily  observed  as  light  and  dark 
bands  over  a  daik  target,  such  as  water,  that  is  adjacent  to  a  bright 
target,  such  as  clouds.  Hypothesizing  that  ME  is  caused  by  time 
constants  present  in  the  instrument  preamplifier  circuitry,  ME 
should  also  be  observable  during  night  scenes  due  to  detector 
stimulation  by  calibration  lamp  pulses.  To  test  this,  consecutive 
reverse  scans  from  Band  4,  Detector  1  were  averaged  together 
whilethe  instrument  was  in  lamp  state  [111].  After  smoothing,  an 
exponential  model  was  found  to  fit  the  data  as  shown  in  Fig.  2. 
These  initial  results  support  the  hypothesis  and  show  a  time 
constant,  x  =  1040  minor  frames. 

Even  with  only  this  preliminary  results,  it  is  clear  that 
ME  will  cause  calibration  data  to  be  affected  by  scene  data.  This 
is  particularly  true  for  reverse  scans.  Reverse  scan  calibration 
pulses  occur  shortly  after  the  end  of  scene  data  during  that  time 
when  detector  response  from  ME  will  be  greatest.  Forward  scan 
cahbration  pulses  occur  on  the  order  of  one  time  constant  after  the 
end  of  scene  and  therefore  would  be  less  affected  by  ME.  This 
suggests  that  only  forward  scan  calibration  data  should  be  used  for 
calculating  detector  gains. 

LINE  DROOP 

One  of  the  anomalies  that  has  long  been  associated  with 
Landsat  TM  has  been  line  droop  [5].  Traditional  thinking 
suggests  detector  response  changes  as  a  function  of  position  along 
scan  lines.  Analysis  of  night  data,  with  zero  radiance  input  to  the 
detectors,  served  as  a  basis  for  this  assertion.  However,  even 
during  a  night  scene  there  is  nonzero  radiance  input  to  the 
detectors.  Calibration  pulses  occur  at  the  end  of  every  scan  line 
that  affect  the  response  of  the  detectors.  As  a  result,  because  of 
ME  detector  response  is  depressed  immediately  after  a  calibration 
pulse  and  then  recovers  during  the  interval  of  the  following  scan. 
One  of  the  goals  of  this  project  was  to  determine  if  line  droop 
actually  existed  or  was  simply  another  manifestation  of  ME. 

Using  a  night  scene  of  Landsat  5,  average  detector 
response  was  calculated  at  the  beginning  and  at  the  end  of  each 
scan  line  for  Bands  1,4,  and  5  for  three  lamp  states  [000],  [001], 
and  [111].  For  each  lamp  state,  a  minimum  of  36  scan  lines  were 
used.  The  difference  in  the  average  at  the  beginning  and  end  of 
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the  scan  line  was  calculated  and  tested  for  statistical  significance. 
Lamp  states  [000],  [001],  and  [1 1 1]  were  chosen  to  evaluate  the 
influence  of  memory  effect.  During  Lamp  state  [000]  there  should 
be  no  memory  effect  present.  Lamp  state  [001]  will  introduce  a 
small  amount  of  ME,  while  lamp  state  [111]  will  produce  the  most 
significant  ME  during  a  night  scene. 

Results  for  Band  1  convincingly  indicate  that  line  droop 
is  simply  caused  by  ME.  During  lamp  state  [000],  there  is 
virtually  no  indication  of  line  droop.  Lamp  state  [001]  indicates 
a  significant  difference  in  average  value  between  start  and  end  of 
scan  for  1 1  of  1 6  detectors.  Lastly,  for  Band  1  all  detectors  show 
differences  between  start  and  end  of  scan  average  values  for  lamp 
state  [111].  Band  4  does  not  follow  the  model  quite  as  perfectly 
as  does  Band  1 ,  For  lamp  state  [000],  differences  are  quite  small 
and  random.  During  lamp  state  [001]  the  magnitude  of  the 
response  was  slightly  larger,  and  for  lamp  state  [1 1 1  ]  the  response 
was  decidedly  stronger  and  all  detectors  test  positive  for  the  effect. 
The  data  suggest  the  line  droop  is,  at  least  primarily,  another 
observation  of  memory  effect.  Lastly,  Band  5  shows  no  significant 
indication  of  either  line  droop  or  ME. 

The  results  fi-om  this  analysis  strongly  suggest  that  line 
droop  can  be  explained  by  memory  effect.  This  is  further 
substantiated  by  data  obtained  by  averaging  entire  scan  lines 
together  as  shown  in  Fig.  2.  Note  that  the  change  along  the  scan 
line  is  roughly  exponential  in  nature  as  a  function  of  position.  The 
change  strongly  indicates  that  the  channels  are  responding  to 
stimulus  fi*om  the  calibration  pulse  in  a  characterizable  manner  as 
described  in  the  section  on  ME. 

SUMMARY  AND  RECOMMENDATIONS 

Results  fi'om  this  study  indicate  some  preferred  methods  for 
calibrating  Landsat  TM.  Because  detector  bias  changes  rapidly, 
it  should  be  calculated  for  each  scan.  Detector  gain  appears  to 
be  a  more  stable  quantity  that  slowly  changes  over  an  orbit  but 
is  affected  by  ME.  Detector  gain  should  be  calculated  using 
only  forward  scans  and  should  be  determined  as  a  function  of 
instrument  ’on’  time.  Lastly,  ME  can  significantly  affect 
calibration,  as  well  as  scene,  data.  It  is  hoped  that  ME  can  be 
fully  characterized  through  the  approach  described  herein  and  a 
correction  algorithm  be  developed. 
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Fig.  1 .  SCS  example  using  shutter  data. 


Memory  Effect:  Landsat  5  Band  4  Detector  1  Lamp  State  [111] 


Fig.  2.  Example  of  memory  effect. 
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Abstract  ~  The  Multi-angle  Imaging  SpectroRadiometo' 
(MISR)  will  fly  on  the  EOS-AMl  spacecraft,  and  provide 
global  data  sets  with  nine  discrete  view  directions  per  scene. 
The  instrument’s  radiometric  scale  is  achieved  by  use  of 
detector  standards.  On-oibit,  photodiodes  measure  reflected 
light  firom  solar-illuminated  deployable  Spectralon  panels. 
The  cameras  simultaneously  view  the  panels,  providing  the 
needed  calibration  data  inputs.  Other  calibration 
methodologies  include  vicarious  calibation  and  histogram 
equalization.  Coefficients,  as  derived  from  the  various 
methods,  are  weighted  to  produce  a  single  determination  of 
the  gain  and  offset  paramet^.  This  process  is  repeated  at 
monthly  intervals  to  insure  the  calibration  is  maintained. 
Routine  product  gmeration  makes  use  of  these  calibration 
coefflcients,  and  also  corrects  for  instrument-dependent 
mors  in  the  radiance  determination.  These  latt^  processing 
steps  include  corrections  for  camera  out-of-band  response, 
focal-plane  scattering,  and  detecux'-to-detector  non¬ 
uniformity  of  response.  This  paper  reviews  the  MISR 
standard  radiometric  product  and  the  in-flight  radiometric 
calibration  and  characterization  plans. 

EXPERIMENT  OVERVIEW 

The  Multi-angle  Imaging  Spectro-Radiometer  (MISR) 
instrument  is  part  of  an  Earth  Observing  System  (EOS) 
payload  to  be  launched  in  1998.  The  purpose  of  MISR  is  to 
study  the  ecology  and  climate  of  the  Earth  through  the 
acquisition  of  systematic,  global  multi-angle  imagery  in 
reflected  sunlight.  MISR  will  monitw  top-of-atmosphere 
and  surface  reflectances  on  a  global  basis,  and  will 
characterize  the  shortwave  radiative  properties  of  aerosols, 
clouds,  and  surface  scenes. 

The  MISR  instrument  consists  of  nine  pushbroom 
cameras.  It  takes  about  7  minutes  of  flight  time  to  obsme 
any  given  region  at  all  nine  view  angles.  The  cam^as  are 
arranged  with  one  camera  pointing  toward  the  nadir 
(designated  An),  one  bank  of  four  cameras  pointing  in  the 
forward  direction  (designated  Af,  Bf,  Cf,  and  Df  in  order  of 
increasing  off-nadir  angle),  and  one  bank  of  four  cameras 
pointing  in  the  aftward  direction  (designated  Aa,  Ba,  Ca,  and 
Da).  Images  are  acquired  with  nominal  view  angles,  relative 
to  the  surface  reference  ellipsoid,  of  0®,  ±26.1®,  ±45.6®, 
±60.0®,  and  ±70.5®.  Each  camera  uses  four  Charge-Coiq)led 
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Device  (CCD)  line  arrays  in  a  single  focal  plane.  The  line 
arrays  consist  of  1504  photoactive  pixels.  Each  line  array  is 
flltmd  to  provide  (me  of  four  MISR  spectral  bands.  The 
spectral  band  shares  are  nominally  gaussian,  with 
bandcenters  at  443,  555,  670,  and  865  nm.  MISR  will 
acquire  images  in  each  of  its  channels  with  spatial  sampling 
ranging  from  275  m  (250  m  cross-track  in  the  nadir)  to  1.1 
km  (1.0  km  cross-track  in  the  nadir),  depending  on  the  on¬ 
board  pixel  averaging  mode  used  prior  to  transmission  of  the 
data. 

Each  of  MISR’s  {rfiotoactive  pixel  elements,  when 
stimulated  with  incident  radiation,  responds  with 
proportional  ouqtut  measured  in  digital  counts.  This 
response  is  measured  during  calibration,  and  rqmrted  as  the 
best-fit  gain  and  offset  parameters.  Gain  is  primarily  a 
function  of  the  optics  transmittance  (having  a  strong  field- 
angle  dqtendence),  the  fllto'  transmittance,  CCD  quantum 
efficioicy,  the  ai  oliflcation  of  the  electronics  and  the 
analog-to-digital  (mtiversion  factor.  Slight  Icmal  deviations 
in  response  are  due  to  filter  pinholes  or  spatter  sites,  as  well 
as  CCD  site  defects.  Pixel  respcmse  may  change  with  time, 
due  to  contaminant  polym^ization  and  radiation-induced 
effects  to  the  Iras  and  electronics.  Because  degradation  is 
anticipated,  the  radiometric  response  is  monitored  routinely 
during  the  mission.  The  quantization  and  utilization  of  this 
response  in  MISR  radiometric  product  generation  is  the 
primary  objective  of  the  MISR  in-flight  radiometric 
calibration  program.  Fig.  1  summarizes  the  program,  as  will 
be  discussed  in  this  paper. 

Specifications  require  MISR  to  maintain  absolute 
radiometric  accuracy  to  within  3%  (la  confidence),  for  a 
100%  diffusely  reflective  scene,  throughout  the  mission  life. 
For  a  5%  scene,  the  requirement  is  to  maintain  6%  accuracy. 
Pixel-to-pixel  relative  calibration  requirements  are  ±0.5% 
and  ±1%,  respectively,  for  these  two  scenes.  Specifications 
also  exist  for  nonuniform  scenes,  polarization  sensitivity, 
and  out-of-band  rejection  [1]. 

RADIOMETRIC  PRODUCT  GENERATION 

During  standard  prcxluct  generation,  MISR  will  do  a 
series  of  processing  steps  traned  radiance  scaling  and 
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radiance  conditioning.  These  make  use  of  the  sensor 
radiometric  calibration  and  scene-specific  data,  respectively. 
Specifically,  raditmetric  conditioning  perfams  pixel-to- 
pixel  nonunifcMinity  of  response  corrections,  point-spread- 
fiinction  (PSF)  deconvolution,  and  spectral  corrections. 
Radiance  scaling  and  radiance  conditioning  are  MISR 
unique  terms,  but  refer  to  the  usage  of  otherwise 
conventional  processing  methodologies. 

Radiance  Scaling 

The  inverse  process  to  calibratim  is  the  detCTminati«i  of 
incident  radiance  for  a  givOT  camaa  DN  value.  This  process 
is  termed  radiance  scaling. 

Fot  MISR,  the  best-fit  to  the  radiometric  (DN  vs.  L) 
transfer  curve  has  been  obtained  by  using  a  second-order 
polynomial: 

+  GiL  +  DN^  =  DN-DN^  .  (1) 

where 

•  L  is  the  sensOT  incident  radiance  [W 

•  DN  is  the  digital  number, 

•  G2,  Gi,  and  DNq  are  best  fit  parameters  to  the  sensor 
radiative  transfer  curve,  and 

•  DNy  is  the  video  offset  voltage,  unique  for  each  line  of 
data,  and  measured  by  the  overclock  pixels  for  that  line. 

It  is  noted  that  pior  to  data  transmission,  the  MISR 
system  electronics  square-root  encode  the  ouq)ut  of  the 
analog-to-digital  converts.  Some  loss  in  resolution  at  the 
upper  end  of  the  dynamic  range  curve  is  sacrificed  in  favor 
of  a  reduced  data  rate.  The  DN  values  in  (1)  have  had  this 
square-root  encoding  rev^^ed.  Thus,  the  pcsence  of  a 
quadratic  term  in  (1)  is  unrelated  to  this  feature. 

Preflight  calibration  has  determined  that,  for  the  MISR 
cameras,  the  CCD  response  is  nearly  linear,  and  the  second 
OTder  coefficient  is  quite  small.  Inclusion  of  this  term 
improves  the  radiance  retrieval  at  the  lowest  end  of  the 
detector  transfer  curve. 

Radiance  Conditioning 

Pixel  non-uniforndty  correction ...  is  the  process  of  adjusting 
for  instrument  on-board  pixel-averaging.  As  many  as  four 
adjacent  pixels  may  be  averaged  by  the  instrument  prior  to 
data  transmission.  The  exact  numb^  will  depend  upon  the 
selected  cam^  configuration  used  during  data  acquisition. 
The  process  of  pixel  averaging  introduces  a  radiometric 
OTor  in  the  data,  depending  on  the  magnitude  of  the  gain 
deviation  amcxig  the  pixels  averaged,  and  the  inhomogeneity 


of  the  scene.  This  error  exists  because  the  hardware  design 
does  not  incorporate  any  adjustment  for  individual  pixel 
response  differences  before  the  data  are  averaged. 

Deviaticxis  in  response  across  any  four  MISR  pixels  is 
typically  3%.  Under  these  conditions  the  radiometric  error 
would  be  less  than  0.5%  for  extreme  scene  inhomogeneities, 
and  no  corrections  are  necessary.  However,  fa*  each  array 
there  are  a  dozen  or  so  pixels  which  violate  this  uniformity 
requirement 

The  algorithm  used  in  this  correction  first  estimates  the 
relative  scene  radiance  incident  on  each  pixel.  MISR  will  be 
continually  operated  with  the  red  channel  of  each  camera 
supplying  unaveraged  data.  The  relative  scene  homogenity 
is  assumed  to  be  spectrally  independent  in  this  algorithm. 
With  this  information,  and  the  pixel  response  coefficients,  a 
radiance  adjustment  can  be  made. 

PSF  deconvolution  ...  is  a  process  that  allows  the  radiance 
product  to  maintain  accuracy  in  the  presence  of  high  contrast 
scenes.  During  Engineering  Model  testing  several 
unexpected  focal  plane  scattering  phenomena  were 
characterized  [2].  At  that  time  it  was  determined  that 
scattering  from  filtM*  spatter  sites  was  the  cause  of  larger 
than  anticipated  out-of-band  respemse.  Additionally, 
reflections  between  the  CCD  and  filter  were  observed.  For 
the  latt^,  a  low-level  scatter  as  far  away  as  30  pixels  from 
the  geometric  image  point  was  observed.  In  convolving  this 
PSF  with  a  "lake"  scene,  radiometric  errors  of  17%  were 
predicted.  The  lake  was  24x24  pixels  in  size,  5%  in 
reflectance,  and  surrounded  by  a  land  background  of  50% 
reflectance.  The  radiometry  was  compared  using  the  center 
8x8  pixels  of  the  convolved  and  original  targets.  By  using  a 
maximum  likelihood  algaithm,  a  simple  kernel  of  1x6 
pixels  in  dimension  was  used  to  restore  the  original  target 
This  was  done  within  a  half-dozen  iterations,  producing  a 
scene  meeting  the  2%  radiometric  error  specification. 
Spectral  corrections  ...  are  used  to  compute  the  band- 
weighted  radiance  that  a  nominal  filter  passband  would  have 
measured,  while  viewing  a  given  scene.  The  correction  is  in 
two  steps.  First,  the  out-of-band  response  is  subtracted  using 
the  preflight  spectral  calibratioi  data.  The  MISR  band  data 
is  used  to  jq)proximate  the  scene  spectral  shape  in  this 
algorithm.  Secondly,  a  passband  of  nominal  center 
wavelength  and  bandwidth  is  assumed.  The  radiance 
retrieved  from  this  idealized  respoise  function  is  computed. 
This  correction  allows  MISR  Level  2  (Science  Products)  to 
proceed  without  consideration  of  the  individual  spectral 
response  functions  for  each  of  the  1504  detectors  x  9  camera 
pixel  elements. 

Level  IBl  Radiance  Product 

The  above  processing  steps  are  used  to  produce  the  MISR 
radiance  product,  termed  the  Level  IBl  Radiometric 
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Product  Processing  occurs  at  the  Distributed  Active 
Archive  Caitar  (DAAC),  and  is  done  on  every  transmitted 
image.  Image  co-registration  and  geolocation  occurs  at  the 
next  level  of  processing  and  produces  the  Level  1B2 
Georectified  Radiance  I^uct 

Ancillary  Radiometric  Product 

The  coefficients  used  in  radiometric  product  genoation 
are  delivered  to  the  DAAC  in  the  form  of  the  Ancillary 
Radiometric  Product  (ARP).  Also  included  in  the  ARP  is 
radiance  uncertainty,  spectral  and  instantaneous  field-of- 
view  (IFOV)  information.  The  ARP  is  generated  at  the 
MISR  Science  Computing  Facility  (SCF).  It  is  updated  at 
monthly  into^als,  or  as  needed  to  maintain  the  calibration  of 
the  sensor. 

IN-FLIGHT  CALIBRATION 

The  Level  IBl  algorithm  development,  ARP  generation, 
and  product  validation  is  the  responsibility  of  the  in-flight 
radiometric  calibration  and  characterization  (IFRCC)  team, 
which  resides  at  NASA/  Jet  Propulsion  Laboratory  (JPL). 
The  SCF  processing  facilities  will  be  used  to  provide  these 
deliv^bles,  as  weU  as  routine  characterization  products  and 
reports. 

The  in-flight  calibration  of  MISR  is  provided  by 
combining  coefficients  detomined  from  multiple 
methodologies.  A  weighting  scheme  will  facilitate  this 
process.  Uncertainty  analyses  for  each  method,  frequency  of 
data  supplied  for  a  given  technique,  and  data  quality 
indicators  will  be  used  in  the  weighting  scheme.  The 
methodologies  involve  the  use  of  the  On-Board  Calibrator 
(OBC)  hardware,  an  independent  vicarious  determination, 
and  re^nse  prediction  based  on  troiding  analysis  and 
scene  studies.  Spatially  and  spectrally  featureless  targets  are 
used  to  establish  the  calibration  response. 

On-Board  Calibrator 

The  OBC  consists  of  a  wavel^gth  set  of  High-Quantum 
Efficiency  (HQE)  trapped  photodiodes,  and  five  wavelength 
sets  of  radiation  resistant  PIN  (p-i-n  intrinsic  layCTs) 
I^otodiodes.  Oie  PIN  set  is  positioned  on  a  goniometer, 
which  scans  through  the  along-track  camera  view  angles. 
These  detects  standards  ate  used  to  measure  the  radiance 
reflected  from  one  of  two  Spectralon  calibratitm  panels. 

Monthly,  MISR  will  be  commanded  into  Calibration 
Mode.  During  this  time  the  instrument  will  collect  data  ovct 
oceans  on  die  dark  side  of  the  orbit.  These  data  will  monitor 


dark  current  spatial  variability.  Thra,  o\er  each  pole,  in  turn, 
the  Spectralon  panels  will  be  deployed  to  calibrate  the 
aftward-viewing  and  nadir  or  forward-viewing  and  nadir 
cameras.  These  polar  observations  will  collect  light  through 
a  varying  atmospheric  path  through  the  earth’s  limb  to  the 
Sun.  Atmospheric  attenuation  will  allow  calibration  of  the 
MISR  detectors  through  a  range  of  illumination  conditions. 
The  detector  standards  will  be  used  to  measure  the  radiance 
as  it  changes  with  time. 

Vicarious  Calibration 

Vicarious  calibration  techniques  can  utilize  data  from  1) 
high  altitude  sensor  underflights,  2)  surface  radiance 
obsovations,  or  3)  surface  reflectance  observations.  The 
preferred  ^proach.  Method  1 ,  will  utilize  a  MISR  simulator 
(AirMISR)  which  will  fly  on  the  ER-2  aircraft  At  20  km 
altitude,  AirMISR  will  need  little  atmosphmc  corections  to 
produce  a  measure  of  the  U^-of-atmosphere  radiances. 
Method  2  utilizes  a  hemispherical  scanning  radiometa-, 
PARABOLA  III,  to  measure  surface-reflected  radiances  and 
downwelling  diffuse  radiances.  These  are  propagated  from 
surface  to  top-of-atmosph^  using  a  characterization  of  the 
atmospheric  state  and  a  radiative  transf^  code.  Method  3  has 
the  disadvantages  of  requiring  a  two-path  radiance 
jHDpagation  (Sun-to-surface  and  surface  to  sensor),  and 
therefine  is  the  least  desirable.  It  is,  however,  the  simplest  to 
implement,  as  PARABOLA  data  are  referenced  to  a 
reflectance  standard,  and  no  radiometer  calibration  is 
required. 

Relative  Adjustments 

Following  OBC  and  vicarious  coefficient  weighting,  the 
dmved  coefficients  are  next  plotted  in  time  against  the  other 
monthly  determinations.  A  trend  analysis  on  these  data  is 
done,  and  the  smoothed  parameters  computed  at  the  current 
point  in  time.  This  is  done  in  ord^  to  avoid  abrupt  changes 
in  the  caliNation  coefficients.  This  trend  analysis  is  believed 
to  be  mcHC  representative  of  the  sensor  response,  which  is 
known  to  be  highly  stable  on  short  time  scales,  and 
otherwise  expected  to  degrade  slowly  with  time.  In  addition, 
histogram  equalization  is  used  [3],  as  necessary,  to  refine  the 
pbcel-to-pixel  relative  response  values.  Here,  Earth-scene 
data  are  used  to  produce  a  histogram  of  measured  radiance 
levels.  Using  a  large  numba*  of  observations,  each  pixel 
response  is  adjusted  until  the  amplitude  of  the  histogram  is 
the  same  for  each  pixel.  This  is  adjustment  is  made  by  using 
a  sliding  window  approach,  correcting  pixel  responses  from 
first  one  spatial  zone,  thra  another.  This  stq)  process  allows 
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pixels  to  be  compared  which  have  the  same  viewing 
geometry,  avoiding  differences  in  atmospheric  path  and 
surface  bidirectional  reflectance. 

IN-FLIGHT  CHARACTERIZATION 

Other  IFRCC  resptxisibilities  include  the  characterization 
of  the  sensor  during  flight.  Charactmzation  is  the 
measurem^t  of  the  typical  behavior  of  instrument 
properties  which  may  affect  the  accuracy  or  quality  of  its 
response  or  derived  data  products.  The  in-flight 
characterization  includes  the  determination  of  the 
radiometric  arors  for  specific  scaie  types,  such  as  high 
contrast  scenes,  and  a  variety  of  scene  spectral  signature 
types.  Noise  analysis  will  include  the  determination  of 
signal-to-noise  ratio  versus  radiance  input,  and  a  check  fcx' 
the  presence  of  coherent  noise  (that  of  a  fixed  fiequency 
pattern).  Spectral  stability  will  be  investigated,  to  the  extent 
possible.  Filter  life-test  studies,  and  correlation  with 
Moderate  Resolution  Imaging  Spectroradiometer  (MODIS) 
filter  stability  determinations,  are  the  best  data  sources. 

CALIBRATION  INTEGRITY 

Calibration  integrity  is  the  process  of  validating  and 
certifying  the  Level  IB  1  product.  Traceability  of  MISR  data 
products  is  accranplished  with  the  detector  standards.  These 
are  used  dirough  the  preflight,  OBC,  and  vicarious 
determinations  of  the  sensor  calibration.  Radiometric 
verification  will  be  provided  by  cross-comparisons  with 


MODIS  and  Systbme  Piobatoire  d’Observaticxi  de  la  Terre 
(SPOT)  sensors,  as  well  as  with  the  routine  analysis  of  MISR 
imagery  ova*  desert  sites. 

The  IFRCC  team  will  also  be  lespraisible  for  the 
development  of  quality  assessment  indicators  for  the  Level 
IBl  data. 

REFERENCES 

[1]  CJ.  Bruegge,  DJ.  Diner,  and  V.G.  Duval,  "The  MISR 
calibraticxi  program,”  J.  of  Atmos,  and  Oceanic  Tech., 
EOS  special  issue,  Vol.  13  (2),  286-299, 1996. 

[2]  RP.  Korechoff,  DJ.  Diner,  DJ.  Preston,  C J.  Bruegge, 
"In  Advanced  and  Next-Generation  Satellites. 
Spectroradiometer  focal-plane  design  considerations: 
lessons  learned  from  MISR  camera  testing,” 
EUROPTO/  SPIE  Vol.  2538,  pp.  104-116,  25-28 
September,  1995 

[3]  M.  P.  Weitreb,  R.  Xie,  J.  H.  Lienesch  and  D.  S.  Crosby, 
"Destriping  GOES  Images  by  Matching  Empirical 
Distribution  Functions,"  Remote  Sensing  of  the 
Envircximent,  29,  pp  185  - 195, 1989. 

ACKNOWLEDGMENTS 

The  work  described  in  this  paper  is  being  carried  out  by 
the  Jet  Prr^ulsion  Labcaatory,  California  Institute  of 
Technology,  under  contract  with  the  National  Aeronautics 
and  Space  Administration. 


LEVEL IBl 


Fig.  1,  IFRCC  activities 


1282 


Cross-Calibration  of  Two  Small  Footprint  Sensors 


Christine  L.  Gustafson-Bold  and  Kurtis  J.  Thome 
Remote  Sensing  Group,  Optical  Sciences  Center,  University  of  Arizona 
1600  North  Country  Club,  Suite  100,  Tucson  AZ  85716-3116 
Phone:  520-621-2158,  Fax:  520-621-8292,  Email:  clg@gas.uug.arizona.edu 


ABSTRACT 

This  paper  presents  a  method  for  determining  the 
calibration  of  a  small  footprint  satellite  sensor  using  another 
small  footprint  system.  The  work  uses  the  System  Pour 
rObservation  de  la  Terre  (SPOT)  3  -  High  Resolution  Visible 
(HRV)  Sensor  and  Landsat  5  -  Thematic  Mapper  (TM)  to 
determine  calibration  coefficients  for  TM  using  HRV  given 
the  different  look  angles,  bandpasses,  crossing  times  and 
footprints.  The  cross-calibration  results  are  referenced  to  the 
reflectance-based  vicarious  calibration  results  from  October 
8  and  9,  1994,  from  White  Sands  Missile  Range,  NM. 
Although  the  images  are  from  two  different  days  the 
atmospheric  and  reflectance  data  are  very  similar  and  both 
satellites  had  near-nadir  views. 

Bands  1,  2,  and  3  of  HRV,  are  used  to  calibrate  bands  2,  3, 
and  4  of  TM.  The  initial  attempt  of  cross-calibration  does 
not  account  for  spectral  differences.  The  calculated 
calibration  coefficient  for  Chuck  Site  for  TM  is  within  4%  of 
the  reflectance-based  values.  Several  other  sites  are  also  used 
with  dark  areas  providing  the  worst  results.  Other  bright 
areas  have  errors  ranging  from  1  -  12%.  Areas  within  the 
gypsum  dunes  have  results  within  the  1-4%  range.  To 
determine  misalignment  effects,  the  TM  image  is  moved 
relative  to  the  HRV  image.  This  produced  changes  of  less 
than  1%  for  up  to  a  40  meter  misalignment. 

INTRODUCTION 

This  paper  presents  a  method  for  calibrating  Landsat 
Thematic  Mapper  (TM)  using  System  Pour  TObservation  de 
la  Terre  (SPOT)  3  -  High  Resolution  Visible  (HRV)  Sensor. 
We  want  to  cross-calibrate  sensors  for  several  reasons.  One 
reason  is  the  reflectance-based  calibration  is  difficult  to 
apply  to  large  footprint  sensors.  Cross-calibration  also  leads 
to  better  comparisons  of  results  from  different  sensors.  Other 
reasons  for  cross-calibration  are:  different  countries  use 
different  calibration  methods,  some  sensors  do  not  have 
onboard  calibrators,  and  onboard  calibrators  are  not 
consistent  across  sensors  [1]. 

This  is  not  the  first  attempt  at  a  cross-calibration  between 
two  sensors.  Teillet  et  al.,  presents  three  methods  of 
calibration,  two  of  which  are  cross-calibrations  using  TM  to 
determine  the  gain  coefficients  for  NOAA-9  or  -10 
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Advanced  Very  High  Resolution  Radiometer  (AVHRR)[2], 
The  first  cross-calibration  method  uses  ground-based  data 
collected  for  TM  on  the  same  day  and  within  a  day  or  two  of 
an  AVHRR  overpass.  The  second  method  uses  the  historical 
reflectance  of  the  surface  instead  of  field  measurements,  and 
creates  a  calibration  coefficient  based  on  the  relationship 
between  the  average  digital  number  (DN)  of  each  satellite. 

Teillet  et  al.  assumes  TM’s  calibration  is  known  because 
the  30-m  x  30-m  footprint  is  a  reasonable  size  for  the 
reflectance-based  calibration  method.  Bands  3  and  4  are  used 
to  calibrate  channels  1  and  2  of  AVHRR.  Two  data  sets  are 
used.  The  first  is  August  28,  1985,  at  White  Sands  Missile 
Range  (WSMR)  with  a  NOAA-9  AVHRR  overpass  four 
hours  after  a  Landsat-5  TM  overpass.  The  second  set  is  from 
a  February  10,  1988,  overpass  of  TM  with  NOAA-10 
AVHRR  overpasses  on  Februaiy  8  and  9,  1988.  The  AVHRR 
sensors  on  NOAA-9  and  -10  are  used  as  the  unknown  sensor 
because  the  1.1 -km  x  1.1 -km  footprint  makes  the 
reflectance-based  calibration  impractical.  The  estimates  of 
the  error  in  the  cross-calibration  method  using  the 
reflectance-based  calibration  of  TM  is  7%  in  channel  1  and 
8%  in  channel  2  [2].  The  primary  sources  of  uncertainty  are 
the  atmospheric  correction  and  the  calibration  of  TM  data. 
The  difficulty  with  using  these  two  sensors  is  the  results 
cannot  be  verified  to  better  than  this  because  there  is  no 
independent  calibration  for  AVHRR. 

REFLECTANCE-BASED  METHOD 

The  reflectance-based  calibration  method  was  developed 
by  the  Remote  Sensing  Group  in  the  early  1980s  to  calibrate 
Landsat  TM  [1].  In  this  approach,  the  surface  and 
atmosphere  over  a  selected  site  are  characterized  at  the  time 
of  sensor  overpass. 

The  surface  characterization  is  done  by  walking  the  site 
while  canying  a  radiometer  attached  to  a  backpack 
assembly.  The  radiometer  measures  the  upwelling  surface 
radiance  which  is  ratioed  to  the  upwelling  radiance  from  a 
barium  sulfate  panel  of  known  reflectance  to  determine  the 
reflectance  of  the  site.  Canying  the  radiometer  makes  this 
approach  impractical  for  large  footprint  sensors. 

We  determine  atmospheric  transmittance  using  ten-  and 
three-band  solar  radiometers.  Data  from  the  ten-band 
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radiometer  are  used  to  determine  atmospheric-spectral 
optical  depths,  and  an  inversion  determines  ozone  optical 
depth  and  a  Junge  aerosol  size  distribution  parameter.  The 
three-band  radiometer  is  used  to  determine  columnar  water 
vapor  which  is  used  to  find  band-integrated  absorption  [3]. 

The  results  of  the  surfaee  and  atmospheric  measurements 
are  inputs  to  a  radiative  transfer  code  which  predicts  at- 
sensor  radiance.  The  predicted  radiance  is  compared  to 
reported  DN  to  determine  calibration  coefficient.  Site 
selection  is  important  in  the  reflectance-based  approach  to 
reduce  errors.  We  use  the  alkali  flats  of  White  Sands,  where 
access  is  limited  and  surface  characteristics  remain  fairly 
constant.  The  TM  site  is  a  120-m  x  480-m  (or  4  x  16  pixels) 
rectangle  oriented  in  the  ground-track  direction  of  the 
Landsat  satellites.  The  SPOT  site  is  a  320-m  x  80-m  (or  16  x 
4  pixels)  rectangle.  The  two  sites  are  approximately  at  right 
angles  and  partially  overlap.  The  different  orientations  arise 
from  TM  ^ing  a  whiskbroom  system  while  SPOT  is  a 
pushbroom  system.  The  site’s  1200-m  elevation  and  the  dry 
climate  with  low  aerosol  loading  help  reduce  errors  [4] . 

Uncertainties  in  this  method  have  been  studied  and  shown 
to  be  <  5%  for  typical  White  Sands  conditions  for  band  1  of 
HRV  and  band  2  of  TM  [4].  The  reflectance-based  method 
has  been  used  successfully  for  both  SPOT  [5]  and  TM  [3]. 

CROSS-CALIBRATION  METHOD 

A  block  diagram  of  the  method  is  shown  in  Fig.  1.  Using 
selected  ground  control  points  (GCPs),  the  HRV  image  is 
twisted  and  resampled  using  nearest  neighbor  interpolation 
to  coregister  it  to  the  TM  image.  The  GCPs  used  are  chosen 
based  on  permanence  to  allow  comparisons  with  future  work 


Figure  1:  Finding  TM  Calibration  Coefficient  using  HRV 


Permanent  targets  include  runway  markers,  large  buildings, 
and  curves  in  roads.  Other  surface  features  are  adequate  for 
day-to-day  comparisons  but  are  not  for  week-to-week 
comparison,  such  as  tops  of  small  dunes  and  surface  water. 
For  this  work  9  GCPs  were  chosen  (7  permanent  and  2  semi¬ 
permanent). 

Cross-calibration  sites  are  of  two  types.  The  first  is  Chuck 
Site  for  which  ground-based  atmospheric  and  smface 
measurements  exist.  This  should  be  where  the  best  results 
will  occur  because  we  also  have  measured  spectral 
reflectance.  We  can  also  check  the  cross-calibration  results 
against  those  obtained  using  the  reflectance-based  method. 
The  second  type  of  site  is  a  90-m  x  90-m  TM  area  having  no 
variability  in  DN. 

Once  a  site  is  selected,  the  surface  reflectance  is  found 
using  HRV  and  the  average  DN  for  an  80-m  x  80-m  site. 
Using  the  calibration  coefficient  from  the  reflectance-based 
method,  we  convert  the  average  DN  to  radiance.  The 
radiance  is  atmospherically  corrected  to  surface  reflectanee 
using  ground-based  atmospheric  data  and  radiative  transfer 
code  output.  The  radiative  transfer  code  output  is  used  to 
derive  a  relationship  between  surface  reflectance  and  at- 
sensor  radiance.  This  is  assumed  to  be  linear  over  small 
intervals  and  reflectance  is  found  through  interpolation. 

Once  the  HRV  reflectance  is  found  there  are  two  ways  to 
obtain  the  TM  reflectance.  One  is  to  assume  the  spectral 
differences  are  so  small  they  can  be  ignored  and  use  the 
HRV  reflectance.  The  other  is  to  take  spectral  reflectance 
data  of  the  site  and  make  a  spectral  correction  to  the  HRV 
reflectance  to  find  the  comparable  TM  band. 

We  convert  TM  reflectance  to  radiance  by  reversing  the 
atmospheric  correction  scheme  described  above.  The 
radiance  versus  reflectance  curve  for  TM  is  developed  using 
the  atmospheric  data  from  the  day  of  the  TM  overpass.  This 
radiance  is  compared  to  the  average  DN  of  the  90-m  x  90-m 
site  to  determine  the  calibration  coefficient. 


DATA  SET  DESCRIPTION 

The  HRV  and  the  TM  sensors  have  many  similarities.  The 
center  wavelengths  for  HRV  bands  1,  2  and  3  are  very 
similar  to  TM  bands  2,  3,  and  4  respectively  (see  Table  1). 
The  footprints  are  very  similar  in  size  20m  x  20m  (HRV) 
versus  30m  x  30m  (TM).  The  viewing  geometry  is  also  veiy 
similar  for  the  two  sensors  (see  Table  2).  We  have  surface 


1  Band 

Center  Wavelength 

Bandpass  1 

HRV 

TM 

HRV 

TM 

HRV 

TM 

1 

2 

535.6 

571 

0.11 

0.09 

2 

3 

638 

661 

0.08 

0.08 

3 

4 

822 

838.2 

0.12 

0.13 

mm 
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reflectance  data  from  Chuck  Site  for  TM  on  October  8,  1994, 
and  for  HRV  on  October  9,  1994,  overpasses.  Thus  we  can 
check  the  TM  calibration  coefficients  determined  from  HRV 
with  the  calibration  coefficients  determined  based  on 
reflectance-based  data  from  October  8, 1994. 

RESULTS 

We  present  results  for  four  areas.  Chuck  Site,  a  dune  area 
and  two  darker  alkali  flat  areas.  Table  3  presents  the  percent 
difference  between  the  TM  calibration  coefficient  obtained 
from  the  cross-calibration  to  SPOT  and  that  obtained  from 
the  reflectance-based  approach.  Two  sets  of  results  are  given 
for  Chuck  Site.  The  first  is  with  no  spectral  correction  and 
the  second  includes  a  spectral  correction.  The  dune  is  a  flat 
area  between  the  dunes  that  is  quite  bright,  about  20  DN 
brighter  than  Chuck  Site.  Both  Chuck  Site  and  the  dunes 
give  similar  results.  Most  likely  because  of  the  similarity  in 
spectral  reflectance  between  the  two  areas.  The  last  two  areas 
appear  very  similar  in  the  image  and  have  average  DN 
values  of  about  13  DN  less  than  Chuck  Site.  The  differences 
in  their  errors,  we  believe  results  from  vegetation  in  the 
fourth  area.  Many  more  sites  have  been  examined,  but  these 
four  are  representative. 

ERRORS  AND  UNCERTAINTIES 

The  sources  of  uncertainties  are  spectral  differences  and 
the  difierent  overpass  times.  The  non-coincident  overpass 
times  cause  errors  due  to  BRF  effects,  atmospheric 
differences,  surface  reflectance  changes,  and  satellite  view 
angles.  The  error  in  atmospheric  correction  is  less  than  5% 
[4],  but  because  the  atmospheric  differences  between  the  two 
days  and  because  we  use  the  same  code  for  both  cases  the 
errors  from  atmospheric  correction  is  negligible.  The  surface 
reflectance  data  for  the  two  days  agree  to  within  the 
measurement  uncertainties.  The  registration  of  the  images 
has  an  uncertainty  of  less  than  1%  as  found  by  shifting  the 
images  relative  to  each  other  and  recomputing  results. 
Measured  BRF  of  the  site  indicate  this  effect  to  also  be  less 
than  1%.  The  largest  error  source  is  the  spectral  differences. 
This  can  be  seen  in  Table  3.  This  error  ranges  from 
negligible  to  greater  than  10%.  Thus,  careful  site  selection  or 
evaluation  is  needed  for  this  method  to  work. 

Table  2:  Satellite  and  Sun  zenith’s  and  azimuths  at  overpass 


All  at  overpass 

SPOT  3  HRV 

Landsat  5  TM 

Sensor  Zenith 

2.3 

89.0 

Sensor  Azimuth 

284,0 

284.6 

Solar  Zenith 

41.3 

47.9 

Solar  Azimuth 

159.4 

138.8 

Table  3:  Presents  the  percent  difference  between  the  two 
methods  for  obtaining  the  TM  calibration  coefficient _ 


Sites 

HRV  1  -  TM  2 

HRV  2  -  TM  3 

HRV3-TM4 

Chuck 

4.3  0.26 

0.9  0.42 

0.1  0.2 

Dune 

4.2 

1.2 

1.1 

Dark  1 

3.4 

3.2 

1.6 

Dark  2 

13.9 

12.7 

7.0 

CONCLUSIONS 

Cross-calibration  works  well  for  HRV  and  TM,  which  shows 
that  cross-calibration  is  feasible.  There  are  problems  with 
vegetated  areas  for  which  a  spectral  reflectance  correction 
would  help  alleviate.  To  do  footprints  of  larger  size  a  better 
method  of  image  registration  is  needed.  In  the  HRV  to  TM 
calibration  the  GCPs  used  were  all  very  small  or  well  defined 
pixels.  This  will  not  be  the  case  for  large  footprint  sensors. 
Future  work  will  focus  on  studying  this  by  creating  large 
footprint  images  from  these  data  sets. 
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Abstract  --  A  knowledge  of  the  spectral  and  geometrical 
distribution  of  sky  path  radiance  at  the  time  a  remote  sensing 
image  of  the  earth's  surface  is  acquired  can  greatly  improve  the 
application  of  atmospheric  correction  and  vicarious  calibration 
techniques.  The  focus  of  this  investigation  is  to  evaluate  the 
sensitivity  of  the  radiance  exiting  the  bottom  and  top  of  the 
atmosphere  to  the  representation  of  the  aerosol  single-scattering 
phase  function  for  these  applications.  Hyperspectral  almucantar 
sky  path  radiance  measurements  obtained  with  the  Portable 
Ground-based  Atmospheric  Monitoring  System  (PGAMS)  are 
compared  to  synthetic  spectra  generated  by  MODTRAN3. 

INTRODUCTION 

The  objective  in  applying  atmospheric  corrections  to  remote 
sensing  images  is  to  transform  at-sensor  radiance  to  surface 
radiance  and  reflectance.  The  results  of  the  transformation 
depend  largely  on  the  ability  to  estimate  the  radiance 
contribution  produced  by  solar  radiation  scattered  into  the 
sensor’s  field  of  view  by  atmospheric  aerosols.  The  accuracy 
one  can  achieve  in  estimating  this  path  radiance  component 
depends  on  the  representation  used  for  the  aerosol  single 
scattering  phase  function  [1]. 

Typically  the  approach  to  developing  a  single  scattering  phase 
function  is  based  upon  seasonal  average  aerosol  properties. 
Using  these  properties  to  define  a  particle  size  distribution  and 
complex  index  of  refraction,  the  phase  function  may  be 
constructed  by  Mie  theory  [2].  Another  effective  tactic  is 
achieved  by  adopting  an  asymmetry  factor  and  employing  the 
Henyey-Greenstein  phase  function  [3].  Once  generated,  the 
single  scattering  phase  function  can  be  used  in  radiative  transfer 
calculations  to  estimate  the  at-sensor  path  radiance  contribution 
needed  for  atmospheric  corrections  routines. 

The  Moderate  Resolution  Atmospheric  Radiance  and 
Transmittance  Model  MODTRAN3  [4]  encompasses  both  of 
these  approaches  in  generating  the  aerosol  single-scattering 
phase  function  and  provides  a  very  flexible  and  powerful 


platform  for  sky  path  radiance  calculations.  The  capacity  to  deal 
with  the  complex  problems  of  multiple  scattering  makes  this 
code  an  excellent  tool  for  generating  synthetic  spectra  that  can 
be  compared  to  field  observations.  In  this  investigation, 
comparison  will  be  made  to  hyperspectral  observations 
obtained  with  the  Portable  Ground-based  Atmospheric 
Monitoring  System  (PGAMS)  [5].  The  aim  of  this  present  work 
is  to  evaluate  the  sensitivity  of  the  adopted  aerosol  single¬ 
scattering  phase  function  in  reproducing  sky  path  radiance 
spectra  obtained  at  different  scattering  angles. 

OBSERVATIONS 

The  sky  path  radiance  observations  were  collected  using 
PGAMS  in  support  of  a  field  campaign  dealing  with  the 
analysis  of  urban  heat  island  development  over  Huntsville, 
Alabama  on  September  7,  1994.  PGAMS  obtains  radiometric 
measurements  using  a  Personal  Spectrometer  (PS)  2  diode- 
array  field  spectrometer  built  by  Analytical  Spectral  Devices 
[6].  This  instrument  covers  a  range  of  350  nm  to  1050  nm, 
sampling  in  1.4  nm  steps,  producing  a  linear  response  over  a 
dynamic  range  greater  than  3000: 1 . 

A  1°  field-of-view  end-receptor  is  mounted  on  an  alt-alt 
tracking  system  furnishing  input  to  the  spectrometer  through 
a  fiber  optic  bundle.  Once  set  up  in  the  field,  the  tracking 
system  is  calibrated  to  provide  altitude  and  azimuth  pointing 
of  the  end-receptor  to  an  absolute  accuracy,  over  the 
hemisphere  of  the  sky,  of  better  than  1°.  Radiometric 
calibration  of  the  end-  receptor/spectrograph  combination  is 
made  using  a  LI-COR  optical  radiation  calibration  unit.  A 
NIST  secondary  standard  lamp  is  used  for  absolute  radiance 
calibration  delivering  an  accuracy  of  better  than  5%  over  the 
wavelength  range  of  the  spectrometer. 

For  this  investigation,  PGAMS  recorded  both  direct  solar 
irradiance  and  sky  path  radiance  observations.  The  direct  solar 
irradiance  data  was  used  in  standard  Langley  plot  analysis  to 
monitor  atmospheric  transmittance  and  aerosol  optical  depth 
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Fig.  1.  Aimucantar  scans  recorded  at  Steward  Observatory,  Arizona  and  Marshall  Space  Flight  Center,  Huntsville,  Alabama.  The 
scans  were  made  at  the  sun’s  altitude  of  15°  and  27°  respectively.  Only  the  data  for  3  of  the  512  PGAMS  channels  are  shown. 


over  visible  and  near-infrared  wavelengths  unaffected  by  the 
water  vapor  bands.  The  sky  path  radiance  observations 
consisted  of  constant  altitude  scans  with  5  degree  azimuth  steps 
over  a  full  360  degree  azimuth  circle.  This  resulted  in  a  constant 
air  mass,  data  set  in  which  the  dominant  radiance  variation  is 
due  to  changes  in  the  "atmospheric"  scattering  phase  function, 
the  integrated  scattering  phase  function  from  Rayleigh  and 
aerosol  single  and  multiple  scattering  processes.  Fig.  1  presents 
scans  obtained  at  the  sun's  altitude  at  two  sites  with  significantly 
different  aerosol  loading.  Note  that  a  360°  azimuth  scan  records 
the  phase  function  twice.  Differences  reflect  variations  in  sky 
conditions  and  changes  in  the  optical  depth  of  the  sun  during 
the  observation  interval. 

ANALYSIS  AND  DISCUSSION 

Synthetic  spectra  were  generated  using  MODTRAN3  for  the 
purpose  of  trying  to  reproduce  the  observed  "atmospheric" 
phase  function  and  path  radiance  spectra  focusing  on  the  effects 
of  the  selected  aerosol  single  scattering  phase  function.  The 
data  set  recorded  at  MSFC,  Huntsville,  Alabama  was  employed. 
Calibration  of  MODTRAN3  to  reflect  the  actual  atmospheric 
conditions  was  done  by  using  observations  of  direct  solar 
irradiance  obtained  just  a  few  minutes  before  the  constant 
altitude  scan.  The  sun  photometry  provided  direct  measurement 
of  atmospheric  transmittance.  This  was  replicated  with 
MODTRAN3  by  selecting  a  spring/summer  rural  aerosol  model 
and  adjusting  the  visibility  until  the  difference  between  the 


observed  and  synthetic  spectra  was  minimized  for  wavelengths 
outside  atmospheric  water  bands.  The  resulting  fit  is  presented 
in  Fig.  2.  The  MODTRAN  spectrum  is  based  on  a  solar  zenith 
angle  of  62.1°  and  a  visibility  of  48.0  km  using  the  1976 
standard  atmosphere.  The  excellent  agreement  may  lead  one  to 
expect  that  accurate  path  radiance  spectra  would  also  result 
from  this  model. 

Path  radiance  spectra  were  calculated  with  MODTRAN3  to 
generate  an  atmospheric  scattering  phase  function  for 
comparison.  The  initial  results  employed  the  aerosol  single¬ 
scattering  phase  function  based  on  Mie  theory  calculations. 
Because  PGAMS  was  set  up  at  a  site  dominated  by  large  grassy 
fields,  the  vegetation  a  grass  surface  albedo  was  selected  along 
with  the  2  stream  multiple  scattering  option.  The  slant  path  and 
solar  zenith  angles  were  set  at  63°  to  match  the  observations  and 
the  path  radiance  was  calculated  over  a  range  of  azimuthal 
angles  between  2°  and  ISO* .  The  resulting  phase  function  is 
presented  in  Fig  3  for  wavelengths  of  450  nm,  550  nm,  and  780 
nm.  Good  agreement  is  revealed  at  small  scattering  angles  but 
in  the  back  scattering  realm  large  systematic  differences  are 
revealed. 

Making  use  of  the  Henyey-Greenstein  phase  function  instead 
of  the  fixed  MIE  scattering  rural  aerosol  model  can 
significantly  improve  the  fit  at  large  scattering  angles  by 
adjusting  the  asymmetry  factor.  Fig  3.  shows  the  resulting  phase 
function  based  on  asymmetry  factors  of  0.70,  0.68,  and  0.72  at 
the  wavelengths  of  450  nm,  550  nm,  and  780  nm  respectively. 
Corresponding  surface  albedos  of  0.06,  0.09,  and  0.20  were  . 
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Fig.  2.  M0DTRAN3  fit  to  PGAMS  transmittance  spectra  based 
on  a  solar  zenith  angle  of  62. 1°  and  a  visibility  of  48.0  km. 

also  utilized. 

The  improvements  made  at  large  scattering  angles  from  the 
adjustments  to  the  MODTRAN3  model  based  on  fitting  the 
observed  phase  function  is  shown  in  Fig.  4.  This  is  a  PGAMS 
path  radiance  spectrum  recorded  at  a  scattering  angle  of  120° 
along  with  the  corresponding  MODTRAN3  Mie  and  Henyey- 
Greenstein  calculations.  Even  with  hyperspectral  sun 
photometry  the  Mie  bottom  of  the  atmosphere  calculations  are 
in  error  by  20  to  30%.  Significantly  less  error  is  obtained  with 
the  adjusted  Henyey-Greenstein  calculations  when  the  observed 
atmospheric  phase  function  is  also  considered.  This 
improvement  in  bottom  of  the  atmosphere  radiance  calculations 
should  also  be  reflect  in  the  calculation  of  the  top  of  the 
atmosphere  radiances  and  the  application  of  atmospheric 
corrections  in  remote  sensing. 

CONCLUSION 

MODTRAN3  is  a  highly  sophisticated  radiative  transfer  code 
that  is  representative  of  the  most  effective  models  used  for 
atmospheric  correction  and  vicarious  calibration  applications  in 
remote  sensing.  The  results  of  this  investigation  reveal,  even 
with  such  powerful  codes,  that  path  radiance  spectra  over  a 
range  of  scattering  angles  from  in  situ  observations  are  critical 
in  accurately  calculating  radiances  exiting  the  bottom  and  top 
of  the  atmosphere.  This  originates  primarily  from  the  sensitivity 
of  the  exiting  radiances  to  the  selected  aerosol  single-scattering 
phase  function  which  can  vary  greatly,  on  a  given  day,  from  the 
seasonal  average. 


Fig.  3.  PGAMS  observed  "atmospheric"  scattering  phase 
function  compared  to  MODTRAN3  path  radiance  calculations 
for  Mie  and  adjusted  Henyey-Greenstein  phase  functions. 


Fig.  4  PGAMS  Sky  path  radiance  spectra  compared  to 
MODTRAN3  spectra  based  on  the  Mie  calculated  single¬ 
scattering  phase  function  for  rural  aerosols  and  the  adjusted 
Henyey-Greenstein  phase  function  (see  text).  The  scattering 
angle  is  120° 
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ABSTRACT 

The  Canadian  earth  observation  satellite,  RADARSAT,  was 
launched  in  late  1995.  The  aim  of  this  space  borne  SAR 
program  is  to  provide  operationally  calibrated  products. 

To  enable  calibration  of  RADARSAT  data,  the  RADARSAT 
Image  Data  Calibration  System  has  been  developed.  This 
includes  RADARSAT  Precision  Transponders  and  two 
calibration  workstations.  Data  from  these  point  targets  and 
diffuse  target  regions  are  being  analyzed  during  the  current 
testing  phase.  Results  show  that  RADARSAT  is  meeting  its 
performance  specifications. 

INTRODUCTION 

The  Canadian  earth  observation  satellite,  RADARSAT,  was 
launched  on  November  4,  1995  and  the  first  image  produced 
on  November  28,  1995  [l].Thefive  year  mission  is  to  provide 
to  users  calibrated  C-band  HH  polarized  Synthetic  Aperture 
Radar  (SAR)  data  products,  at  various  incidence  angles, 
resolutions  and  swath  coverages,  using  separate  elevation 
beams.  The  SAR  is  also  capable  of  operating  in  the  ScanSAR 
mode  by  combining  different  elevation  beams.  Considerable 
emphasis  in  the  RADARSAT  Program  has  been  placed  on  the 


provision  of  operationally  calibrated  products,  which  ensures 
that  targets  can  be  compared  radiometrically  within  each  scene 
and  between  scenes.  Descriptions  of  this  system  are  given  in 
[2].  The  Mission  Management  Office  (MMO)  in  the  Mission 
Control  Centre  (MCC)  located  at  St.  Hubert  is  responsible  for 
the  image  quality  management.  The  entire  calibration  process 
is  centrally  coordinated  by  the  MMO.  The  SAR  data  are 
processed  at  the  Canadian  Data  Processing  Facility  (CDPF) 
located  at  Gatineau,  Quebec.  In  order  to  maintain  end-to-end 
image  quality  for  the  mission  life,  routine  external  calibration 
using  precision  transponders  and  homogeneous  targets  (e.g. 
rain  forest)  is  being  carried  out.  The  RADARSAT  precision 
transponders  (RPTs)  developed  under  contract  to  CSA  by  MPB 
Technologies  Inc.  (Pointe  Claire,  Quebec)'  are  located  at  four 
sites  in  Canada  ( Ottawa,  Qntario,  Fredericton,  New  Brunswick, 
Prince  Albert,  Saskatchewan  and  Resolute  Bay,  Northwest 
Territories). 

The  calibration  image  data  are  analyzed  off-line  in  the  two 
calibration  workstations,  developed  under  contract  m  CSA  by 
Array  Systems  Computing  Inc.  (North  York,  Qntario).  One  is 
located  at  the  CDPF  and  the  other  at  the  MCC.  Together  they 


'  These  devices  are  described  in  [3]. 
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are  used  for  measuring  the  image  quality  and  to  derive  updates 
for  calibration  parameters.  Resulting  parameter  updates  are 
provided  to  the  processor  to  generate  calibrated  products.  Short 
term  variations  in  the  gain  of  the  sensor  electronics  are  tracked 
by  the  on  board  internal  calibration  system  and  these  data  are 
transmitted  to  the  ground  with  the  radar  signal  data.  This  allows 
the  processor  to  automatically  compensate  for  radar  gain 
variations  between  external  calibration  periods,  and  thus 
maintain  the  required  radiometric  accuracy.  The  Image  Data 
Calibration  System  has  been  described  previously  [4][5]. 

As  of  this  writing,  (March,  1996)  both  space  and  ground 
segments  of  the  RADARSAT  system  are  currently  under  the 
Commissioning  Phase.  Since  November,  image  data  have  been 
acquired  on  a  regular  basis  for  different  areas  of  the  globe  in 
both  real  time  and  on-board  recorded  configurations  for  most 
of  the  beams/modes.  Functional  testing  of  the  system  has  been 
completed.  Assessment  of  the  image  quality  is  being  done  by 
using  images  of  the  transponders  (acquired  when  available) 
and  distributed  targets.  Preliminary  results  of  the  image  quality 
are  being  used  for  characterization  and  for  adjustments,  where 
required,  of  the  sensor  and  the  processor.  Image  quality 
assessment  activity  is  continuing  throughout  the  commissioning 
phase  to  complete  the  qualification  of  the  products. 

DATA  ACQUISITION  AND  ANALYSIS 

Imagery  of  the  RPTs  has  been  acquired  in  various  modes 
and  analyses  performed  on  the  IDCW  to  obtain  preliminary 
values  of  image  quality  parameters.  Specified  [6]  and 
measured  values  for  parameters  for  SGX  products  ^  in  each 
of  the  three  frequency  bandwidths  are  presented  in  Table  1. 

In  order  to  compare  the  inter-product  radiometry  of 
RADARSAT  products,  four  products  (SGX,  SGF,  SGC,  and 
SLC)  were  produced  from  the  same  signal  data  (Beam  S7, 
Ascending  Pass,  Orbit  1206,  data  of  the  Fredericton  area). 
Averages  were  performed  over  the  same  diffuse  target  areas 
to  obtain  the  mean  (Radar  Brightness)  values.  These  are 
tabulated  in  Table  2. 

DISCUSSION  AND  CONCLUSIONS 

Image  quality  parameters  are  better  than  the  image  quality 
specifications.  Interproduct  comparisons  indicate  the  qsame 
radar  brightness  values.  These  and  other  initial  results 
indicate  that  the  RADARSAT  System  is  meeting  and 
exceeding  its  performance  requirements. 

More  detailed  results  which  will  be  available  following 
declaration  of  RADARSAT  Initial  Operational  Capability 


^  Detailed  product  descriptions  are  given  in  [7]. 


will  be  presented  at  IGARSS’96. 
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TABLE  1 :  Image  Quality  Parameter  Test  Measurements 


Parameter 

Beam  F2 

Beam  S2 

Date  of  Acquisition 

Mar.  5,  1996  Mar.  9,  1996 

Orbit 

1749 

1799 

Chirp  Bandwidth  (MHz) 

30.00 

17.28 

Impulse  Response  Width:  Range  (m)  Spec 

9.8 

24.5 

Impulse  Response  Width:  Range  (m) 

8.07 

21.13 

Impulse  Response  Width:  Azimuth  (m)  Spec 

9.0 

28.0 

Impulse  Response  Width:  Azimuth  (m) 

7.76 

25.65 

Peak  Sidelobe  Ratio:  Range  (dB)  Spec 

-18.0 

-18.0 

Peak  Sidelobe  Ratio:  Range  (dB) 

-19.23 

-21.69 

Peak  Sidelobe  Ratio:  Azimuth  (dB)  Spec 

-18.0 

-18.0 

Peak  Sidelobe  Ratio:  Azimuth  (dB) 

-21.69 

-21.58 

Absolute  Location  Error  (m)  Spec 

750 

750 

Absolute  Location  Error:  (m) 

27.7 

52.9 

TABLE  2;  Interproduct  Comparison:  Orbit  1206,  Jan  27,  1996  22:29  UTC  ,  Ascending  Pass, 


Product  Type  ^ofar  Target 

Area  1  (dB) 

Single  Look  Complex  Product  (SLC)  -12.40 

SAR  Georeferenced  Extra  Fine  Resolution  Product  (SGX)  -12.44 
SAR  Georeferenced  Fine  Resolution  Product  (SGF)  -12.43 

SAR  Georeferenced  Coarse  Resolution  Product  (SGC)  -12.40 


Beam  S7 
Mar.  5,  1996 
1742 
11.58 
22.1 
19.07 
28.0 
24.83 
-18.0 
-22.22 
-18.0 
-22.49 
750 
45.3 


Beam  S7,  Near  Fredericton,  NB 

Mean  Target 
Area  2  (dB) 

-11.98 

-11.98 

-11.98 

-11.98 
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Abstract  -  Inflight  calibration  of  the  near  and  thermal  infrared 
channels  of  the  AVHRR  (advanced  very  high  resolution 
radiometer)  proceeds  by  linearly  interpolating  between  a  pair 
of  reference  radiances:  the  zero-radiance  of  deep  space,  and  the 
calculable  radiance  of  a  passive  blackbody  honeycomb  target 
(internal  calibration  target,  ICT)  whose  temperature  is 
measured  with  a  cluster  of  four  embedded  PRTs  (platinum 
resistance  thermometers)  [1],  [2],  Traditionally,  the  ICT 
temperature  has  been  taken  to  be  the  equally-weighted  average 
of  the  four  PRT  readings.  We  present  evidence  to  show  that 
equal  weighting  is  not  optimal,  and  describe  how  to  compute 
revised  weightings  which  improve  calibration  accuracies  by 
-'0.13  K  during  times  of  rapid  temperature  change. 

INTRODUCTION 

There  are  three  AVHRR  models  in  present  or  prospective 
service.  AVHRR/1  was  the  original  four-channel  radiometer 
design  (channels  1  and  2  in  the  visible;  ch.3  at  3.5  |Lim;  ch.4 
at  1 1  |Lim).  AVHRR/2  has  an  additional  infrared  channel  at  12 
jam.  The  six-channel  AVHRR/3  is  scheduled  to  be  launched 
in  1996.  Recently  released  technical  information  from  ITT  [3] 
describes  design  improvements  in  the  AVHRR/3  relative  to 
the  earlier  /I  and  /2  models.  Of  relevance  to  the  inflight 
calibrations  is  the  repositioning  of  the  four  PRT  sensors  to 
better  sample  the  radiometer  field  of  view  when  it  is  recording 
the  radiance  of  the  internal  target.  The  sensors  are  placed  at 
area-optimized  positions  which  reduce  the  errors  arising  from 
temperature  gradients  across  the  surface  of  the  ICT. 

It  follows  that  the  present  deployment  of  PRTs  on 
AVHRR/1  and  /2  is  not  optimal.  This  is  clear  from  Fig.  1 
where  we  see  that  PRT3  is  located  just  outside  the  annular 
region  viewed  by  the  radiometer.  The  old  locations  are  at  the 
vertices  of  a  distorted  rhombus,  while  the  new  positions  are 
symetrically  located  at  the  corners  of  a  square  concentric  with 
the  view  annulus.  The  temperature  of  the  ICT  is  taken  as  the 
equally-weighted  average  of  the  four  PRT  readings,  and  for 
the  symmetric  deployment  of  AVHRR/3,  this  will  be  correct. 
For  the  older  asymmetric  PRT  arrangement,  the  weighting 
factors  should  take  account  of  the  uneven  sampling  of  the 
view  annulus.  We  now  proceed  to  compute  a  revised  set  of 

0-7803-3068-4/96$5.00(c)1996  IEEE 


weights,  and  to  evaluate  the  quantitative  impact  on 
calibration  accuracies  of  such  a  change. 

COMPUTING  REVISED  PRT  WEIGHTS 

We  know  the  ICT  temperature  at  the  four  PRT  locations.  If 
we  can  assume  that  the  ICT  temperature  field  is  a  linear 
function  of  position,  then  we  can  compute  the  temperature  at 
any  other  surface  position  by  linearly  interpolating  (or 
extrapolating)  in  the  two  surface  dimensions  x  and  y.  In 
particular,  we  can  map  from  the  corners  of  a  sub-optimal 
‘rhombus’  to  new  grid  positions  at  the  corners  of  a  square 


(to  AVHRR  telescope) 


Fig.  1  AVHRR  internal  calibration  target  (ICT).  The 
annular  region  between  the  two  dotted  circles  indicates  the 
field  of  view  of  the  radiometer  during  the  calibration  cycle. 
The  primed  numerals  show  the  placements  of  the  four  PRTs 
(platinum-resistance  thermometers)  for  AVHRR  models  /I 
and  /2;  the  unprimed  numerals  show  the  revised  PRT 
placements  for  AVHRR/3.  The  mirror  scans  the  ICT  from 
left  to  right  in  the  +X-direction;  the  mirror  rotation  vector  and 
the  craft’s  velocity  vector  both  point  in  the  -T-direction. 
[Source:  Ref.  3] 
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whose  vertices  bisect  the  area  of  the  radiometer  view  annulus. 
Referring  to  Fig.  1,  we  seek  a  set  of  weights  which 
effectively  map  the  temperature  sensors  from  their  present 
positions  C',D')  to  optimized  virtual  positions  (A, 

B,  C,  D).  The  ‘true’  average  temperature  of  the  radiometer 
view  annulus  would  then  be  given  by  the  equally-weighted 
average  of  the  temperatures  computed  at  the  four  virtual  sites. 

Fig.  2  illustrates  the  interpolation  scheme.  Given 
temperatures  at  three  positions  A',  B',  C ,  what  is  the 
temperature  at  grid  position  A,  assuming  the  two- 
dimensional  temperature  field  is  a  linear  function  of  position? 
The  temperature  at  A  can  be  expressed  as  a  linear 
combination  of  the  temperatures  at  intermediate  points  E  and 
F: 

=  uTe  +  (1  -  a)  Te  (1) 

where  the  temperatures  at  E  and  F  are  in  turn  expressible  as 
linear  combinations  of  the  temperatures  at  A',  B'  and  C': 

Te  =  (2) 

Tf  =  YTa'  +  (1  -  r)  Tc  (3) 

with  weighting  factors  given  by  following  ratios, 


EF  ^  A'B'  ^  A'C 


(4) 


Substituting  (2)  and  (3)  into  (1)  gives  as  a  linear 
combination  of  temperatures  7^^,  This  procedure 

is  repeated  for  the  remaining  grid  corners  B,  C,  and  D,  to 


D 


D  : 

■  •  O 


B’ 


^  . 


+  F 


A  :  . 

-  o 


Fig.  2  Schematic  illustrating  a  general  bilinear 
mapping  from  arbitrary  temperature  sensor  positions  to 
virtual  sensor  positions  at  the  vertices  of  a  square.  The 
mapping  of  A'  ^  A  uses  nearest-neighbor  information 
from  B'  and  C',  and  ignores  opposite  neighbor  D'. 


Table  1:  Locations  of  Actual  and  Optimal  PRT  positions 
for  AVHRR/1  and  12  Calibration  Target 


PRT 

Actual 

Optimal 

X  (mm) 

y  (mm) 

X  (mm) 

y  (mm) 

1 

+  54 

-54 

+54 

-54 

2 

-68 

-54 

-54 

-54 

3 

+  84 

+  66 

+  54 

+  54 

4 

-25.6 

+  66 

-54 

+54 

arrive  at  a  final  set  of  weighting  factors  to  give  the  effective 
average  temperature  of  the  view  annulus. 

Table  1  lists  the  coordinates  of  the  present  PRT  positions, 
and  the  revised  coordinates  for  the  virtual  PRT  positions. 
These  values  were  measured  directly  from  a  diagram  (drawn  at 
2:1  scale  but  without  dimensions)  published  in  [3].  We 
estimate  that  the  Table  1  values  have  an  accuracy  of  ±1.5 
mm. 

The  optimal  radial  position  for  the  PRTs  would  be  that 
which  bisects  the  radiometer  view  annulus  into  two  snaller 
annuli  of  equal  area.  The  PRTs  should  be  separated  by  90° 
with  respect  to  the  (jc,  y)  origin  to  ensure  the  view  annulus  is 
evenly  sampled  by  angle.  Hence  the  optimal  PRT  locations 
form  the  vertices  of  a  square  defined  in  the  fourth  and  fifth 
columns  of  Table  1. 

The  measured  dimensions  of  the  inner  and  outer  radii  of  the 
view  annulus  are  respectively  R\  =  25.4  mm,  /?2  -  103.5 
mm.  The  radius  r  which  bisects  this  annulus  is  given  by 

niRi^  -  r^)  =  n(r^  - 

r  =  [(^2^  +  =  74.05  mm 

which  corresponds  to  a  PRTj  location  of  (x,  y)  =  (52.36, 
-52.36)  mm.  Since  this  is  very  similar  to  the  current  PRTj 
location  of  (54,  -54),  the  decision  was  made  in  the  present 
work  to  leave  the  PRTj  position  unchanged  (similarly,  the  y- 
coordinate  for  PRT2  is  left  unchanged). 

Applying  the  bilinear  interpolation  scheme  of  (1)  through 
(4)  to  the  values  in  Table  1,  we  arrive  at  the  new  PRT 
weighting  factors  listed  in  Table  2. 

Comparing  the  default  and  revised  weighting  factors,  we 
see  that  the  most  important  change  is  the  reduction  in  weight 
for  PRT3,  with  corresponding  increases  in  the  weights  for 
PRTi  and  PRT4.  The  reduction  for  PRT3  is  expected  since  it 
lies  outside  the  view  annulus;  however,  it  samples  regions  of 
the  ICT  honeycomb  which  lie  within  the  viewing  region, 
thus  its  weight  is  small,  but  not  zero. 
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Table  2:  Revised  vs  Default  Weights  for  Computing 
Average  ICT  Temperature  for  AVHRR/1  and  /2 


PRT 

Revised 

Default 

1 

0.3037 

0.25 

2 

0.2463 

0.25 

3 

0.1083 

0.25 

4 

0.3417 

0.25 

How  important  is  this  change  to  the  formula  for 
computing  the  ICT  temperature?  To  answer  this  question,  we 
re-examined  a  NOAA-1 1  pass  recorded  at  the  CSIRO  Marine 
Laboratory  in  Tasmania,  Australia  in  1991.  During  this  pass, 
the  satellite  crossed  the  terminator  from  night  into  day. 
During  trannsition,  the  calibrations  became  unreliable 
because  sunlight  impinged  directly  on  the  internal  calibration 
target,  creating  strong  and  transient  temperature  gradients. 
Fig.  3  shows  the  calibration  trajectory  for  the  four  PRT 
temperature  traces  and  for  the  channel-4  radiometric  count 
recorded  when  the  radiometer  viewed  the  ICT.  We  see  that 
PRT3  responds  to  the  sudden  influx  of  solar  irradiance  more 
slowly  than  the  other  PRTs,  and  is  the  only  PRT  which  fails 
to  track  the  decreased  radiance  evident  around  line  4000  (this 
decrease  is  probably  a  shadow  effect  as  spacecraft  underparts 
partially  block  the  sun). 

Ideally  the  PRT  and  IC4  traces  should  all  track  in  unison, 


Calibration  Trajectories 


Scan  Line  Number 

Fig.  3  Calibration  trajectory  for  a  NOAA-11  pass  recorded  at 
Hobart,  Tasmania  on  Jan  2,  1991,  1531  UT.  The  spacecraft 
entered  sunlight  at  scan  line  1560.  IC4  is  the  raw  channel-4 
radiometer  count  (scaled  arbitrarily  to  fit  the  graph)  when  it 
views  the  ICT.  The  numbered  curves  show  the  temperature 
traces  returned  by  the  four  platinum-resistance  thermometers 
embedded  in  the  ICT. 


Table  3:  Zero-Lag  Correlation  Coefficients  between  IC4 


and  Each  PRT  for  Pass  Shown  in  Fig.  3 


PRT 

1 

2 

3 

4 

Night 

0.38 

0.38 

0.37 

0.41 

Transition 

-0.82 

0.23 

-0.92 

-0.62 

Day 

0.57 

0.91 

0.25 

1.01 

Whole  scene 

1.14 

2.43 

-0.30 

2.42 

with  each  apparent  radiance  change  being  matched  with 
corresponding  temperature  change.  To  quantify  the  relative 
correlations  between  the  PRT  and  radiometer  records,  we 
detrended  each  curve,  inverted  the  IC4  trace  (so  that  it  has  the 
same  phase  as  the  PRTs),  and  computed  the  zero-lag 
correlation  coefficients  between  IC4  and  each  PRT  in  turn. 
The  results  appear  in  Table  3. 

While  none  of  the  PRT  traces  correlates  well  with  IC4 
during  transition,  the  correlation  for  PRT3  is  notably  worse. 
This  is  particularly  apparent  for  the  portion  of  the  pass 
following  transition.  These  results  provide  further  support  for 
the  proposition  that  the  weighting  for  PRT3  should  be 
lowered. 

In  Fig.  4  we  plot  the  correction  which  would  apply  to  the 
ICT  temperature  if  the  area-optimized  weights  of  Table  2 
were  to  be  used  instead  of  the  standard  equal-weighting 
scheme.  For  the  “^ight  portion,  the  correction  is  neglibible, 
while  for  the  transition  and  day  portion,  the  difference 


ICT  Temperature  Adjustment 


Scan  Line  Number 

Fig,  4  Difference  between  optimally-weighted  average  ICT 
temperature  and  unweighted  average  temperature  as  a  function 
of  scan  line  number  for  the  trajectories  of  Fig.  3.  During  the 
night  portion  (scan  line  <  1560),  the  difference  is  negligible. 
During  terminator  crossing,  the  difference  can  be  significant, 
with  a  maximum  value  of  -f-0.13  K. 
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between  the  two  averages  ranges  from  +0.07  to  +0.13  K. 

CONCLUSIONS 

For  the  new  model  /3  AVHRR,  the  four  PRTs  which 
monitor  the  temperature  of  the  internal  calibration  target  have 
been  moved  to  area-optimized  positions  to  minimize  the 
calibration  errors  arising  from  temperature  gradients  in  the 
ICT.  A  similar  improvement  in  calibration  accuracy  can  be 
synthesized  for  the  current  AVHRR/2  and  earlier  /I  models 
by  applying  a  bilinear  transformation  which  maps  the  PRT 
locations  to  their  idealized  positions.  The  mapping  is 
achieved  by  computing  a  new  set  of  PRT  weighting  factors. 
The  new  weight  for  PRT3  is  smaller  than  the  standard  value 
because  this  PRT  is  located  outside  the  view  annulus  of  the 
radiometer. 
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Abstract—  The  lEM  surface  scattering  model  is  generalized 
to  include  the  possible  existence  of  a  dielectric  profile  such  as 
observed  in  drying  coditions  after  a  rain.  It  is  shown  that  for 
such  a  case,  the  generalized  signal  model  including  this 
improvement  in  reflectivity  may  give  better  agreement  with 
backscatter  measurements  for  some  data  sets.  Hence,  such  a 
model  may  be  applied  either  directly  for  estimating  soil 
moisture  or  used  to  generate  training  patterns  for  statistical 
estimators. 

INTRODUCTION 

The  quantitative  estimation  of  soil  moisture  from  radar 
measurements  is  usually  obtained  by  employing  an  empirical 
relationship  that  maps  the  measured  normalized  backscatter 
coefficient  CT°  into  volumetric  soil  moisture  content  . 
Linear  regression  models  between  radar  backscatter  and 
measured  soil  moisture  have  been  developed  in  many  studies 
including  [1-4].  More  advanced  empirical  non-linear 
regression  models  such  as  those  of  Oh  et  al.  [5,6],  and  Dubois 
et  al.  [7,8]  have  also  been  demonstrated  for  specific  data  sets. 

In  recent  studies,  advanced  theoretical  scattering  models  such 
as  the  IBM  [9,10]  have  been  used  in  conjunction  with  neural 
network  and  statistical  based  estimators  for  surface  parameter 
retrieval  [11-13]  in  an  attempt  to  make  soil  moisture 
estimators  more  robust.  In  these  estimators,  a  theoretical 
model  is  used  to  create  a  complete  synthetic  data-ground 
parameter  training  set  for  use  in  a  robust  statistical  inversion 
technique  such  as  those  of  Manry  et  al.  [14].  The  theoretical 
model  can  also  be  used  to  supplement  or  ‘fill  in’  areas  where 
measured  data  is  not  available.  A  main  advantage  in  the  use 
of  the  theoretical  set  over  measured  data  is  that  we  can 
exactly  control  the  content  and  range  of  the  set  used  in  the 
construction  of  the  inverse  mapping.  In  addition,  we  can 
control  the  noise  levels  in  each  of  the  channels  to  be  used  so 
that  the  training  set  matches  the  statistics  of  the  true  measured 
data  or  the  characteristics  of  the  instrument. 

One  concern,  however,  is  that  the  modeling  of  the  soil  using 
a  closed-form  signal  model  such  as  the  IBM  treats  the  soil  as 
a  homogeneous  half-space.  Whether  or  not  this  simplistic 
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modeling  is  appropriate  (or  desirable)  continues  to  be  a  point 
of  discussion.  It  is  known,  for  example,  that  soil  surfaces  dry 
up  from  the  top  down  after  rain.  Thus  it  is  desirable  to 
incorporate  a  physical  dielectric  gradient  into  our  theoretical 
modeling.  An  illustration  of  this  drying  effect  and  the 
modeling  proposed  is  given  in  Figure  1 . 


a)  Idealized  soil  model  using  a  homogeneous  half-space 
with  rough  surface. 


b)  Soil  modeled  as  surface  with  scattering  and  volume 
effects  and  variable  dielectric  profile. 


Figure  1.  Two  modeling  representations  for  soil. 

1297 


In  this  work,  we  extend  the  lEM  model  to  incorporate  a 
vertical  soil  moisture  profile.  The  purpose  of  this  paper  is  to 
incorporate  such  an  effect  by  including  a  transition  layer  into 
the  formula  for  the  reflection  coefficient.  This  reflection 
coefficient  model  along  with  an  empirical  permittivity  model 
[15]  is  then  combined  with  the  existing  IBM  surface 
scattering  model  to  serve  as  the  model  for  backscattering  from 
rough  soil  surfaces. 


THE  MODIFIED  lEM  MODEL 


We  consider  the  transitional  dielectric  layer  given  by  [16]  in 
which  the  permittivity  as  a  function  of  depth,  z,  is 


8^(z)  =  1  +  £ 


exp(mz) 
^^11+  exp(/wz)  ’ 


(1) 


In  the  formulation  of  Brekhovskikh,  note  that  -  1 » 

and  -N  =  .  The  inputs  to  the  model  are  the  transition  rate 

factor  m  and  the  dielectric  constant  at  z  =  oo  which  is  £^^ . 
The  real  part  of  the  dielectric  will  always  start  at  =  1 
which  is  air  and  gradually  change  to  at  a  rate  of  m  .  An 
approximate  value  for  m  is  generally  about  12. 

The  standard  Fresnel  reflectivities  are  replaced  by  a  modified 
set  of  relations  which  are  given  by 


rO'ScosGo) 

(f: 

|(coseo+  ^COs2eQ  +  (E^^-  1)) 

r(-j5cos9o)  ^ 

If] 

(coseo-^cos20Q  +  (e^_-  1)) 

-[^j(coseo  + Jcos2e^T(e^r^)] 
r[^i  +[y](coseo-,yco?0^7(£^r^)j 


Figure  2.  Comparison  of  standard  Fresnel  power  reflection 
coefficients  (dashed  lines)  with  modified  reflectivities. 


ON  THE  APPLICATION  OF  THE  MODIFIED  lEM 

The  use  of  any  retrieval  algorithm  clearly  requires  a  good  set 
of  measured  data  upon  which  to  validate  the  accuracy  of  the 
signal  model  used  in  the  inversion  algorithm.  This  signal 
model  can  be  in  one  of  many  forms  including  empirical 
algorithms  or  a  closed-form  model  such  as  the  lEM.  To  date, 
a  significant  problem  has  been  that  there  is  a  severe  dearth  of 
measurements  with  a  complete  set  of  consistent  ground  truth. 
In  many  existing  sets  encountered,  the  ground  truth  does  not 
contain  a  soil  moisture  profile  as  required  in  our  modified 
model.  However,  its  needs  can  be  demonstrated  using  a  set  of 
Washita  data,  where  measurements  were  acquired  over  a 
period  of  time  after  rain.  This  is  shown  in  Figure  3  where 
comparisons  with  data  are  made  with  and  without  using  a 
dielectric  profile. 


and^ 


«//  = 


r 

r(y5cos0o)  L 

+  (er„  -  1 ) 

r(-y5cos0o)  ^ 

By  using  one  of  the  Washita  data  set  taken  from  a  bare  soil 
surface  to  calibrate  the  reflection  coefficient  model,  we  can 
test  the  scattering  model  against  other  data  sets  acquired 
under  similar  conditions.  This  result  will  be  shown  during 
presentation. 


REMARKS 


rri-f=^\(e,  )>«cos0o+^cos2eo  +  (e,  -1))1 

X  J: — -  — - -  (3) 

r[^l  +  j^CcosOq  -  ^cos^eg  +  -  1  ))J 

where  S  =  2k/ m  .  An  example  showing  the  differences  in  the 
reflectivities  is  shown  in  Figure  2. 


1 .  This  is  an  approximate  relation  which  was  not  derived  explicitly 
in  Brekhovskikh. 


Where  angular  measurements  are  available,  these 
measurements  can  be  used  to  determine  the  roughness 
parameters  especially  the  surface  correlation  length  through 
use  of  surface  scattering  model.  This  is  believed  to  be  a  more 
effective  way  to  ascertain  this  parameter  because  direct 
ground  truth  measurements  are  restricted  by  the  length  of  the 
surface  profile,  the  statistical  homogeneity  of  the  surface 
roughness,  and  the  resolution  of  the  profilometer.  Hence,  at  a 
given  frequency  the  directly  measured  value  may  not  be  the 
one  seen  by  the  radar.  After  the  roughness  parameters  are 
determined  either  from  ground  truth  or  from  angular 
measurements,  the  scattering  model  can  be  used  to  relate  soil 
moisture  to  backscattering  at  various  angles  and  frequency 
directly. 
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AG002  Washita  soil  moisutre  data. 
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Figure  3.  Illustration  of  the  improved  data  fit  with 
experimental  data  when  the  modified  reflectivity  is  used  in 
the  IBM. 
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ABSTRACT  -  Danish  polarimetric  SAR  data  have  been 
applied  to  estimate  soil  moisture  (SM).  The  preliminary 
results  evaluated  with  the  L-  and  C-band  SAR  data  ac¬ 
quired  at  the  Danish  test  site  Foulum  during  a  number  of 
missions  in  1994  and  1995  are  presented.  In  situ  data  have 
been  collected  during  the  SAR  missions  and  the  variations 
of  SM  at  field  scale  are  discussed.  The  Integral  Equation 
Method  (lEM),  the  Dubois  empirical  model  and  the  Oh 
polarized-ratio  model  have  been  used  as  algorithms  to  in¬ 
verse  SM  from  polarimetric  SAR  data  under  near  bare  field 
conditions.  Comparisons  between  the  inversions  and  the 
in  situ  measured  data  showed  that  the  Dubois  empirical 
model  gave  the  best  results  for  inversion  of  SM.  The  stan¬ 
dard  deviations  between  the  inversed  and  the  measured 
data  at  C-band  are  =  6.1%  for  SM  and  s„  =  0.37cm 
for  soil  surface  rms  height,  respectively.  C-band  data  are 
better  than  L-band  data  for  estimation  of  surface  rough¬ 
ness. 

INTRODUCTION 

The  principle  of  radar  measuring  soil  moisture  (SM)  is 
that  the  backscattering  coefficient  varies  strongly  with  the 
soil  dielectric  constant,  and  the  latter  depends  on  the  SM 
content.  Unfortunately,  soil  surface  roughness  and  vegeta¬ 
tion  cover  also  have  strong  contributions  to  the  backscat¬ 
tering  coefficient.  Thus,  it  is  difficult  to  retrieve  SM 
from  single  polarization  radar  data.  A  polarimetric  SAR 
measures  the  full  polarimetric  signatures  of  targets  and 
the  ambiguity  implied  in  backscattering  coefficients  from 
the  contributions  of  SM,  roughness  and  vegetation  might 
be  removed  by  evaluating  the  polarimetric  signatures  of 
backscattering  coefficients,  which  makes  SM  retrieval  from 
polarimetric  SAR  data  possible. 

The  tool  to  infer  SM  from  SAR  data  is  backscattering 
models.  It  has  been  realized  that  the  classical  surface 
backscattering  models  have  some  limitations  when  applied 
to  natural  surfaces  [1].  Therefore,  the  Integral  Equation 
Model  (lEM),  valid  in  a  large  range  of  roughness  condi¬ 
tions  is  currently  widely  used  as  a  theory  for  soil  scatter 


[1].  In  addition,  Dubois  and  Oh  have  developed  two  dif¬ 
ferent  empirical  models  [2,  3].  The  empirical  models  are 
much  simplified  compared  to  the  lEM.  In  this  paper,  the 
Danish  L-  and  C-band  polarimetric  SAR  data  acquisitions 
and  the  in  situ  data  collections  are  described.  SM  varia¬ 
tions  at  field  scale  are  illustrated.  The  Dubois  model,  the 
Oh  model  and  the  lEM  have  been  applied  for  SM  retrieval. 

THE  POLARIMETRIC  SAR  DATA 

The  Danish  polarimetric  SAR  (EMISAR)  was  initially  a 
C-band  VV-polarized  SAR  first  flown  in  1989  and  later  in 
1993  a  fully  polarimetric  system.  An  L-band  system  with 
fully  polarimetric  capability  was  completed  and  tested 
early  1995.  The  EMISAR  is  developed  by  the  Danish  Cen¬ 
ter  for  Remote  Sensing  (DCRS)  located  at  the  Department 
of  Electromagnetic  Systems  (EMI)  of  the  Technical  Uni¬ 
versity  of  Denmark  (DTU)  [4]. 

The  test  site  Foulum  used  for  agriculture  study  is  lo¬ 
cated  in  the  northern  part  of  Jutland,  Denmark.  Four 
different  fields  were  selected  as  the  test  fields.  There  were 
four  C-band  acquisitions  during  1994  and  a  number  of  L- 
and  C-band  acquisitions  during  1995  over  the  test  site,  re¬ 
spectively.  Polarimetric  one-look  images  with  spatial  res¬ 
olution  of  2m  by  2m  are  used  in  the  study.  One  C-band 
scene  acquired  on  April  28,  1994,  a  number  of  L-  and  C- 
band  scenes  acquired  in  1995,  for  instance,  on  March  22 
(L),  March  24  (C),  April  27  (C),  May  1  (L),  June  8  (L), 
and  August  25  (L),  are  processed  for  SM  retrieval.  The 
incidence  angles  for  all  the  four  test  fields  are  between 
42°  -45°. 

FIELD  EXPERIMENT  DESCRIPTION 

Corresponding  to  the  EMISAR  acquisitions  from  the  be¬ 
ginning  of  March  to  the  end  of  August  both  1994  and  1995, 
extensive  in  situ  data  collections  have  taken  place  at  the 
4  test  fields  under  conditions  ranging  from  bare  soil  to 
fully  vegetated.  The  vegetation  types  were  winter  wheat, 
spring  barley,  sugar  beet  and  grass.  All  relevant  parame¬ 
ters  for  interpretation  of  EMISAR  images  were  measured 
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Figure  1:  In  situ  SM  vs.  Standard  Deviation  (STD)  and 
number  of  samples. 


in  this  period,  including  surface  roughness,  surface  SM, 
Leaf  Area  Index  (LAI)  and  other  biophysical  parameters 
such  as  vegetation  water  content,  biomass  and  plant  den¬ 
sity  and  height. 

Surface  roughness  was  measured  by  a  2  meter  long  ruler 
and,  later  in  the  growing  season,  by  a  laser  instrument, 
developed  at  the  Research  Center  Foulum  (RCF).  SM  was 
measured  along  transects  for  each  25  meter  and  in  two 
grids,  a  50  meter  by  50  meter  grid  in  the  winter  wheat 
field  and  a  150  meter  by  150  meter  grid  in  the  spring  barley 
field.  Water  content  in  the  top  0-5 cm  and  0-1 0cm  was  de¬ 
termined  by  gravimetric  sampling  using  lOOcm^  sampling 
rings  (4cm  in  depth)  and  by  Time  Domain  Reflectometry 
(TDR)  with  5  and  10cm  long  probes.  Leaf  Area  Index 
was  monitored  by  the  LAI2000  device  (Licor).  Biomass 
and  water  content  in  vegetation  was  sampled  manually 
together  with  estimates  of  plant  density  and  height.  Cli¬ 
matological  data  were  collected  during  the  whole  period 
from  March  to  September.  Furthermore,  continuous  TDR 
measurements  of  water  content  were  made  in  a  60cm  deep 
soil  profile  in  the  spring  barley  field. 

SM  VARIATIONS  AT  FIELD  SCALE 

In  siiu  SM  was  measured  at  each  sampling  point  with  6 
samples  for  the  TDR  and  3  samples  for  the  sampling  rings, 
respectively.  Mean  values  of  the  measured  water  contents 
are  plotted  against  standard  deviations  and  the  number  of 
samples  in  Fig.  1.  Volumetric  water  content  is  calculated 
as  the  product  of  soil  bulk  density  and  gravimetric  water 
content.  Bulk  density  varies  normally  between  0.8  and 
1.4^/cm^,  sometimes  caused  by  sampling  in  and  outside 
tractor  wheel  tracks.  However,  the  standard  deviation  of 
the  volumetric  water  content  never  exceeds  4.5%,  which  is 
in  agreement  with  findings  by  Bell  ei  al  [6]. 

The  Coefficient  of  Variation  (CV)  in  Fig.  2  is  16%  or 
lower.  Bell  ei  al.  [6]  state  that  for  mean  SM  higher  than 
20  vol.%  CV  is  generally  less  than  15%,  a  value  which  is 
desirable  for  SM-brightness  temperature  correlations. 
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Figure  2:  In  siiu  SM  vs.  Coefficient  of  Variations  (CV) 
and  sampling  depth. 


SM  AND  rms  HEIGHT  RETRIEVAL 


The  theoretical  lEM,  the  Oh’s  polarized  ratio  model  and 
the  Dubois’s  co-polarized  backscattering  coefficient  model 
have  been  applied  to  the  fields  under  near  bare  soil  con¬ 
ditions  determined  by  Dubois’s  criteria  <  —lldB 

for  both  L-  and  C-band  [2].  The  roughness  conditions 
of  the  fields  fall  into  the  validity  regions  of  these  mod¬ 
els.  Dobson’s  dielectric  constant  model  has  been  used  to 
convert  between  dielectric  constant  and  SM  [7]. 

Inversion  with  the  lEM 

The  measured  roughness  data  show  that  the  hybrid 
Gauss- Exp  function  which  is  the  product  of  Gaussian  and 
exponential  functions  is  a  suitable  form  for  autocorrelation 
function  (ACF)  [5],  and  there  is  approximately  a  linear  re¬ 
lation  between  the  correlation  length  /  and  the  rms  height 
a  for  a  natural  soil  surface.  In  the  inversion  with  the  lEM, 
the  hybrid  Gauss-Exp  function  is  used  for  the  ACF  and  / 
is  replaced  by  the  linear  correspondence  with  cr.  Results 
of  the  inversion  from  numerical  fit  of  the  lEM  to  the  SAR 
data  show  that  the  lEM  underestimates  SM,  and  a  rms 
error  of  10.0%  is  obtained.  This  underestimation  is  equiva¬ 
lent  to  an  overestimation  of  the  backscattering  coefficient. 
A  recent  study  indicates  that  one  reason  may  be  that  the 
surface  roughness  measured  in  siiu  does  not  resemble  the 
roughness  relevant  for  the  radar  backscattering.  The  radar 
signal  is  probably  backscattered  by  a  smoother  subsurface 
layer. 

Inversion  with  the  Oh  Model 

Oh  developed  a  polarized  ratio  model  in  1992  and  modi¬ 
fied  it  in  1994  [3].  Unfortunately,  only  few  of  the  EMISAR 
data  could  be  inversed  with  both  versions  of  the  model, 
and  the  agreement  was  poor  between  the  inversed  and 
the  measured  SM.  One  reason  might  be  that  the  model 
uses  both  co-  and  cross-polarized  ratios.  Cross-polarized 
ratio  has  a  larger  uncertainty  compared  to  co-polarized 
backscatter  because  of  the  poorer  signal-to-noise  ratio. 
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Inversion  with  the  Dubois  Model 

Figs.  3  shows  the  inversed  SM  and  the  rms  height  using 
the  Dubois  model.  The  rms  errors  between  the  inversed 
and  the  measured  are  7.6%  (L-band,  N  =  7)  and  6.1% 
(C-band,  N  =  11),  and  the  rms  errors  for  a  are  0.65cm 
(L^band,  N  =  12)  and  0.37cm  (C^band,  N  =  12),  re¬ 
spectively.  The  Dubois  model  gave  the  best  results  of  the 
three.  There  is  no  preference  of  L-  or  C-band  for  SM  in¬ 
version,  but  for  rms  height  inversion  C-band  gave  the  best 
results,  and  the  rms  error  is  very  close  to  that  of  Dubois, 
0.35cm  [2],  The  rms  height  results  also  show  that  the 
Dubois  model  seems  to  overestimate  cr  for  a  <  0.5cm  and 
to  underestimate  a  for  cr  >  0.5cm. 

The  validity  conditions  of  a  model  are  important.  Most 
of  the  theories  and  most  of  the  SAR  observations  illus¬ 
trate  that  the  backscattering  coefficient  <  1  for 

bare  soil.  Dubois  ei  al.  indicated  that  restricting  the  va¬ 
lidity  of  the  model  to  ka  <  2.5  and  6  >  30^  will  ensure 
that  cr\j^/al^  <  1,  where  k  is  wavenumber,  9  is  incidence 
angle.  Using  this  equation,  we  can  study  the  validity  con¬ 
ditions  from  the  expressions  of  the  Dubois  model,  which  is 
k(7  <  cos^6sin^~^0  where  Cr  is  the  real 

part  of  the  relative  dielectric  constant.  It  is  obvious  that 
the  roughness  conditions  which  the  Dubois  model  can  be 
applied  to  is  related  not  only  to  the  incidence  angle,  but 
also  to  the  soil  dielectric  constant.  For  example,  at  ^  —  35® 
it  is  valid  when  <  2.4  for  wet  soil  (cr  ^  20.0),  but  it  is 
only  valid  when  fecr  <  0.5  for  dry  soil  (cy.  >  4.0).  This  re¬ 
veals  some  differences  of  the  validity  of  the  Dubois  model 
by  keeping  <  1  sts  the  criteria. 
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Figure  3:  Inversion  results  using  the  Dubois  model. 


CONCLUDING  REMARKS 

Retrieval  of  SM  with  the  polarimetric  EMISAR  data  has 
been  presented.  The  detailed  grid  measurements  of  the  in 
situ  SM  data  show  that  the  standard  deviation  of  SM  at 
field  scale  is  below  4.5%,  which  illustrates  probably  the 
best  accuracy  of  the  SAR  measured  SM.  One  can  not  ex¬ 
pect  that  the  accuracy  of  the  SAR  measured  SM  is  better 
than  the  accuracy  of  the  in  situ  measurement.  The  Dubois 
model  for  inversion  of  SM  showed  better  results  than  both 
the  Oh  model  and  the  lEM  model.  The  L-  and  C-band 
data  showed  equivalent  results  for  SM  retrieval,  whereas 
the  C-band  data  was  preferred  for  the  rms  height  retrieval 
using  the  Dubois  model.  The  validity  condition  of  the 
Dubois  model  has  been  discussed  under  the  restriction  of 
^hhf^vv  ^  1- 

On-going  work  is  focused  on  two  aspects.  To  improve  in 
siiu  data  quality  by  using  a  laser  instrument  to  measure 
the  roughness  and  by  increasing  the  number  of  samples  for 
SM  measurement.  To  improve  the  inversion  accuracy  by 
modifying  the  existing  models. 
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Abstract  -  In  this  paper  we  present  first  results  of  surface 
soil  moisture  retrieval  using  data  from  the  European 
Multisensor  Airborne  Campaign  /  Experimental  Synthetic 
Aperture  Radar  (EMAC/ESAR)  collected  on  April  9,  1994 
in  the  Zwalm  catchment,  Belgium.  We  apply  a  theoretical 
backscattering  model  to  investigate  the  sensitivity  of 
EMAC/ESAR  backscattering  coefficients  to  surface 
parameters.  By  comparing  the  predicted  backscattering 
coefficients  to  the  observed  ones,  we  can  conclude  that 
current  measurement  techniques  for  surface  roughness 
parameters  in  remote  sensing  campaigns  are  not  accurate 
enough  for  retrieving  soil  moisture  using  theoretical  models. 
A  method  based  on  simultaneous  retrieval  of  surface 
roughness  parameters  and  soil  moisture  using  multiple 
ESAR  measurements  is  hence  proposed.  Promising  results 
on  retrieved  soil  moisture  confirm  the  validity  of  the 
proposed  method. 

INTRODUCTION 

This  paper  reports  the  first  results  of  research  towards  soil 
moisture  retrieval  from  active  microwave  measurements 
using  ESAR,  developed  by  the  German  Aerospace  Research 
Establishment  (DLR).  This  instrument,  together  with 
imaging  spectrometer  (ROSIS)  and  microwave  radiometer 
were  flown  during  EM  AC ’94  [2].  For  EMAC’94  the  ESAR 
was  working  in  4  frequencies  (X,  C,  L,  and  P  band)  with 
vertical  and  horizontal  co-polarization.  Frequency  and 
polarization  are  switchable  during  the  flight.  Cross¬ 
polarization  is  not  available.  For  EMAC’94  the  wide  swath 
mode  was  flown  (standard  scene  size:  6x6  km;  geometric 
resolution:  4. 5x4. 5  m;  operating  altitude:  3600  m;  incidence 
angle  at  center  swath:  52°).  The  Zwalm  catchment, 
Belgium,  has  been  selected  as  a  test  site  within  the 
Vegetation  and  Soils  thematic  group  of  EMAC’94,  ESAR 
flights  over  Zwalm  were  held  on  April  9,  June  30  and 
August  19,  1994.  One  successful  ROSIS  flight  was  held  on 
July  12,  1994  (cloud  free  conditions)  in  the  Zwalm 
catchment.  ROSIS  images  are  used  in  this  paper  for 
identifying  field  boundaries  within  which  ground  truth 
samples  for  soil  moisture,  surface  roughness  and  vegetation 
parameters  were  taken.  In  this  paper  only  the  ESAR  data 
from  April  9,  1994  will  be  considered. 

GROUND  TRUTH  DATA  COLLECTION 

The  Zwalm  catchment  is  located  about  20  km  south  of 
Ghent  in  Belgium.  The  total  drainage  area  is  114  km^. 


Several  ESAR  and  ROSIS  flights  were  held  during  the 
summer  of  1994  over  the  catchment. 

During  the  soil  moisture  remote  sensing  campaigns 
ground  truth  and  SAR  data  acquisition  took  place  in  two 
subcatchments  of  the  Zwalm,  viz.  Passemare  and  Sassegem. 
The  ground  truth  data  include  soil  moisture  and  soil  bulk 
density  at  two  depth  (0-5cm  and  5-lOcm),  soil  surface 
roughness,  vegetation  height  as  well  as  meteorological 
variables  measured  at  Bowen  ratio  stations  and 
meteorological  stations.  Six  trihedral  comer  reflectors  were 
deployed  [7]  in  Sassegem  subcatchment  for  radiometric 
calibration  purposes. 

DATA  PROCESSING 

Data  processing  includes  georeferencing  of  ROSIS  and 
ESAR  images,  processing  of  ESAR  data,  processing  of  field 
data  and  extraction  of  backscattering  coefficients  for  areas  of 
interests.  Processing  of  ESAR  data  consists  of  calculating  of 
local  incidence  angle  by  employing  flight  geometry, 
geometrical  relationship  between  georeferenced  and  originaJ 
images  and  a  digital  terrain  model  of  the  subcatchment. 
Finally  backscattering  coefficients  are  extracted  according  to 
the  delineated  field  boundaries  and  for  the  sampling 
locations  along  the  transects,  respectively.  Field-averaged 
backscattering  coefficients  are  calculated  for  each  field. 

SOIL  MOISTURE  RETRIEVAL  FROM 
EMAC/ESAR  DATA 

a)  Inversion  algorithm  based  on  the  Integral  Equation 
Model 

In  this  paper,  we  use  the  Integral  Equation  Model  (lEM) 
developed  by  Fung  et  al.  [6]  (see  also  [4]).  The  lEM  is 
shown  to  unite  the  Kirchhoff  and  Small  Perturbation  models 
and  therefore  is  applicable  to  a  wide  range  of  roughness 
conditions  or  frequencies.  The  complete  version  of  lEM 
describes  the  backscattering  behavior  of  a  random  rough 
surface  with  a  much  wider  range  of  validity  than  the 
standard  models. 

An  inversion  procedure  for  soil  moisture  and  surface 
roughness  on  the  basis  of  the  lEM  using  single  frequency, 
single  polarization  backscattering  coefficient  was  previously 
developed  by  [1].  This  procedure  is  adopted  here.  Starting 
from  a  single  radar  backscattering  coefficient  soil  moisture 
is  determined  by  solving  numerically  the  lEM  equation 
under  a  given  surface  roughness  condition.  As  the  equation 
has  only  one  independent  variable,  the  problem  is  one- 
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dimensional,  namely  to  find  the  root  of  the  function.  The 
Brent's  algorithm  [3]  combining  root  bracketing,  bisection, 
and  inverse  quadratic  interpolation  to  converge  from  the 
neighbourhood  of  a  zero  crossing  is  used  in  this  procedure. 
The  above  inversion  procedure  developed  to  derive  soil 
moisture  can  also  be  used  to  derive  the  roughness 
parameters  when  the  dielectric  constant  values  are  known. 

b)  The  method  of  effective  roughness  parameters  for 
retrieving  soil  moisture 

Since  the  surface  roughness  parameters  are  usually  not 
available  for  inversion  of  soil  moisture,  a  method  based  on 
simultaneous  inversion  of  surface  roughness  parameters  and 
soil  moisture  is  of  great  interest.  For  given  SAR 
configurations  there  are  three  unknowns  in  this  simultaneous 
inversion  problem,  namely  soil  dielectric  constant  s,  surface 
root  mean  square  (rms)  height  a  and  correlation  length  L  for 
a  given  correlation  function.  To  solve  this  inversion 
problem  three  input  values  would  be  necessary.  These  input 
values  can  be  a  combination  of  different  frequency,  different 
polarization,  different  incidence  angle  and/or  temporal  data 
sets.  For  the  purpose  of  soil  moisture  retrieval  the  exact 
values  of  surface  roughness  parameters  are  of  less  concern 
as  long  as  their  effects  on  remain  unchanged.  Therefore 
we  can  use  the  surface  rms  slope  (a/L)  and  by  doing  so 
reducing  the  unknowns  in  the  inversion  to  two. 
Consequently  two  inputs  would  be  sufficient  for  the 
inversion.  This  is  mainly  of  a  practical  concern  in  order  to 
apply  the  method  to  operational  application  where  only  two 
inputs  are  available  at  the  most  (e.g.  ERS-l/ERS-2  SAR). 
Such  an  approach  may  be  called  the  method  of  effective 
parameters. 

Using  a  set  of  measured  surface  roughness  parameters  and 
surface  soil  moisture  values  the  lEM  model  predicted 
backscattering  coefficients  a®  are  compared  to  observed  a® 
for  two  input  data  sets.  Provided  that  the  surface  roughness 
parameters  and  soil  moisture  are  correct  the  model 
prediction  should  approach  the  observed  a®.  Due  to 
inaccurate  parameter  estimation,  the  model  predictions  will 
deviate  from  the  observed  values.  If  the  model  predictions 
are  consistent  for  both  data  sets,  i.e.  both  under  or  over 
estimate  or  give  similar  values  to  the  observed  ones,  the 
data  sets  can  then  be  used  for  retrieval  of  soil  moisture  and 
roughness  parameters  in  the  sense  of  effective  parameters. 

Starting  with  one  roughness  parameter  (either  a  or  L)  and 
dielectric  constant  of  a  field  the  other  roughness  parameter 
(L  or  a)  can  be  inverted  using  one  observed  backscattering 
coefficient  a°.  Using  another  backscattering  coefficient 
from  a  different  frequency  or  polarization  as  input  as  well  as 
the  inverted  roughness  parameter  (L  or  cr)  the  dielectric 
constant  of  the  field  can  then  be  inverted. 

c)  Soil  moisture  retrieval 

As  indicated  in  Fig.  1,  the  lEM  model  predicts  reasonably 
well  the  spatial  variability  in  the  averaged  field 
backscattering  coefficients  for  both  C  and  L  band,  but 
underestimates  considerably  the  backscattering  coefficients 


for  almost  all  fields  at  C  band  and  L  band.  Based  on  the 
lEM  model  formulation  and  its  successful  validation  with 
laboratory  data  sets  [5],  it  is  reasonable  to  assume  that  the 
deviation  of  the  predicted  backscattering  coefficients 
compared  to  the  observed  ones  is  attributed  to  inadequate 
inputs  such  as  roughness  parameters  and/or  dielectric 
constants  (i.e.  soil  moisture).  Since  the  measurements  of 
volumetric  soil  moisture  using  both  gravimetric  and  TDR 
methods  is  accurate  to  a  few  percent  at  high  soil  moisture 
content  (as  is  the  case  in  this  study)  and  given  the  low 
sensitivity  of  with  respect  to  soil  moisture  variation  [1], 
the  observed  deviation  can  be  considered  mainly  due  to 
roughness  parameters.  It  therefore  can  be  concluded  that 
conventional  measurements  of  field  roughness  are  not 
accurate  and  such  data  introduce  large  errors  in  calculated 
backscattering  coefficients  and  hence  in  soil  moisture 
retrieval.  Such  roughness  parameters  cannot  be  blindly  used 
in  theoretical  models  such  as  lEM. 


Fig.l.  Comparison  of  observed  and  retrieved  backscattering 
coefficients  using  non-calibrated  lEM  for  different 
fields  in  Passemare  subcatchment  on  9  April  1994 

Since  the  purpose  here  is  to  retrieve  soil  moisture  from 
microwave  observations  using  the  above  described  inversion 
algorithm,  it  was  decided  to  use  one  ESAR  data  set  (C-band 
in  this  case)  to  invert  for  roughness  parameters  and  use 
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another  ESAR  data  (L-band)  and  the  calibrated  roughness 
parameters  as  model  input  for  soil  moisture  retrieval.  Both 
data  sets  are  taken  from  the  same  date  (9  April  1994). 

The  improved  results,  as  shown  in  Fig. 2,  confirm  the 
validity  of  the  proposed  approach.  Some  fields  are  left  out 
of  this  analysis  because  the  inverted  roughness  parameters 
are  out  of  the  validity  range  of  the  lEM. 

Fig, 3  compares  the  retrieved  soil  moisture  values  with  the 
in  situ  measurements.  This  result  indicates  that  reliable 
retrieval  of  soil  moisture  requires  at  least  two  independent 
radar  observations.  It  is  worth  noticing  that  by  switching 
bands  in  the  sequence  of  analysis,  similar  results  can  be 
obtained.  Both  treatments  can  be  considered  equivalent, 
which  indicates  the  robustness  of  the  method. 

Based  on  the  above  discussion  it  can  be  stated  that  the 
method  proposed  here  proves  to  be  a  practical  one  to 
retrieve  soil  moisture  using  active  microwave  measurements. 


Fig. 2.  Comparison  of  observed  and  retrieved  backscattering 
coefficients  using  both  calibrated  and  non-calibrated 
roughness  parameters  for  different  fields  in  Passemare 
subcatchment  on  9  April  1994 


Fig. 3.  Retrieved  volumetric  soil  moisture  Mv  (%)  using 
‘effective  roughness  parameters’  for  different  fields  in 
Passemare  subcatchment  on  9  April  1994 

CONCLUSIONS 

Based  on  the  foregoing  discussion  the  following 
conclusions  can  be  drawn: 


(1)  The  lEM  model  can  be  used  for  field  soil  moisture 
retrieval  using  EMAC/ESAR  data  if  accurate  field  data  on 
roughness  are  provided. 

(2)  Conventional  measurements  of  roughness  are  not 
accurate  and  such  parameters  introduce  large  errors  in  the 
predicted  backscattering  coefficients  and  hence  in  soil 
moisture  retrieval.  Such  parameters  cannot  be  blindly  used 
in  theoretical  models  such  as  lEM. 

(3)  A  method  of  ‘effective  roughness  parameters’  is 
proposed  in  this  study.  Using  the  model  calibrated 
roughness  parameters,  the  retrieved  soil  moisture  accuracy  is 
better  than  5%  by  volume. 

(4)  At  least  two  independent  radar  observations  are 
needed  to  retrieve  soil  moisture  using  active  microwave 
data. 
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Abstract  -  Polarimetric  SAR  data  acquired  during  the  first 
and  second  SIR-C/X  SAR  mission  over  bare  soils  located  at 
Les  Landes  (France)  and  Matera  (Italy)  test  areas,  are  ex¬ 
ploited  in  order  to  investigate  the  antenna  polarization  effect 
on  polarimetric  surface  roughness  discriminators. 

Among  quantities  under  consideration,  the  copolarized  corre¬ 
lation  coefficient  in  circular  polarization  shows  the  best 
sensitivity  to  surface  roughness. 

INTRODUCTION 

This  paper  addresses  the  use  of  polarimetric  data  acquired 
during  the  SIR-C/X  SAR  experiments  to  enhance/reduce  the 
SAR  sensitivity  to  surface  roughness.  For  targets  showing  a 
high  degree  of  coherence,  the  variation  of  the  incident  and/or 
received  wave  polarization  is  expected  to  be  very  sensitive  to 
geometrical  properties  of  the  targets. 

Over  the  past  few  years,  the  information  content  of 
backscattering  polarimetric  signatures  has  been  assessed  [1]. 
Surface  roughness  discriminators  mainly  based  on  HH,  W 
or  HV  data  have  been  used  in  soil  studies  [2].  However,  the 
polarization  synthesis  as  well  as  the  measurement  of  second 
order  polarimetric  SAR  data  statistics  for  retrieving  geo¬ 
physical  information  have  been  less  studied. 

In  this  work,  the  sensitivity  to  surface  roughness  of  the  copo¬ 
larized  correlation  coefficient  magnitude  as  well  as  of  the 
cross-  over  co-  polarized  ratio,  both  in  linear  and  circular 
polarization,  is  investigated.  Moreover,  the  experimental 
statistics  of  the  copolarized  correlation  coefficient  magnitude 
as  a  function  of  the  polarization  state  is  compared  with  the 
theoretical  expressions  derived  by  Goodman  [3]. 

In  the  next  section,  the  experimental  data  set  is  described, 
then  the  copolarized  correlation  coefficient  as  well  as  the 
expressions  in  circular  basis  are  given  and,  subsequently,  the 
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analysis  of  SAR  data  is  presented.  In  the  last  section,  results 
are  summarized. 

THE  EXPERIMENTAL  DATA 

The  SAR  data  analyzed  in  this  paper  are  single  look  images 
acquired  by  the  SIR-C/X-SAR  over  the  Landes  (France)  and 
Matera  (Italy)  on  April,  20  and  on  October,  4  1994,  respec¬ 
tively.  In  both  cases  the  acquisition  mode  was  full  po¬ 
larimetric  at  C  (5.304  GHz)  and  L  (1.254  GHz)  band  and  the 
orbit  direction  was  ascending.  The  two  sites  were  imaged  at  a 
central  swath  incidence  angle  of  26.44°  and  45.8°,  respec¬ 
tively. 

During  the  SIR-C/X-SAR  second  mission,  ground  data 
measurements  on  bare  soil  surfaces,  located  in  the  Matera 
area,  in  terms  of  roughness  profiles,  moisture  content  and 
soil  composition  have  been  collected.  The  Matera  test  site  is 
located  in  the  South-East  of  Italy  in  the  Basilicata  region.  It 
is  a  predominantly  agricultural  area  mainly  devoted  to  wheat 
cultivation.  At  the  beginning  of  October  1994,  fields  were 
completely  bare  and  only  in  some  cases  already  tilled  for  the 
next  winter  wheat  crop  season.  The  selected  fields  have  been 
clustered  into  three  classes  of  roughness:  rough,  medium 
rough  and  smooth  [4].  Soil  moisture  content  was  ranging 
between  0.10  and  0.20  g/cm^. 

The  Landes  data,  acquired  during  the  first  SIR-C/X-SAR 
mission,  have  been  used  as  an  independent  data  set  in  order 
to  validate  the  results  obtained  in  the  Matera  area.  Les  Lan¬ 
des  Forest  is  located  in  South-Western  France.  Ground  data 
concerning  six  clear  cuts  fields,  selected  on  the  image,  are 
available  as  photographs  taken  during  the  SIR-C/X-SAR  first 
mission.  From  the  visual  analysis  the  clear  cuts  areas  have 
been  identified  as  very  rough  surfaces  and  therefore  included 
in  the  rough  class. 
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SAR  DATA  ANALYSIS 


Correlation  Coefficient  expressed  in  a  Circular  Basis 

Passing  from  a  linear  (A,  v)  polarimetric  basis  to  a  generic  (p, 

q)  orthonormal  basis,  the  scattering  matrix  trans¬ 

forms  in  the  following  way  [5]: 

y(p,^)=rmv)r 


where  ^-(1  +  ^'*  ) 


j  I  is  a  unitary  matrix  and 


^  p  ^  -1;8  “5^  In  particular, 


considering  a  circular  polarimetric  basis  (r,  /)  (i.e.  ap-aq\ 
8=7c/2)  and  assuming  a  reciprocal  azimuthally  symmetric 
distributed  medium  (i»e.  Shv-  Svh  and  {ShhS*hv)  =  {SwS*hv) 
=0,  respectively)  the  cf  and  copolarized  correlation  coeffi¬ 
cient  expressions  are: 


(K.r)=(i5,,r)= 

;^[(|'^hh|  )-  2Re((S„„5Vv^))+  (|5„^r)  + 


(K.r)=(|s.«r)= 

i[(|5„„|')+2Re((5„„5-vv»  +  (|5,,|‘)] 

[(|5„„|^)-2Re((.y»„5VK))+(|5,,p)-4(|5„,p)] 
[(|S„„f)-2Re((5„„5Vv))+(|S,,f)  +  4(|5„,f)] 


Polarimetric  Discriminators  as  a  Function  of  Roughness 

For  each  one  of  the  described  roughness  classes,  the  sensitiv¬ 
ity  of  the  a°pq/a°qq  ratio,  both  in  circular  and  linear  polariza¬ 
tion,  has  been  investigated,  an  almost  insensitive  behavior  in 
the  circular  case  and  a  good  sensitivity  in  the  linear  polari¬ 
zation  has  found  (fig.  1).  It  should  be  noted  that,  although 
clear  cuts  (Les  Landes  test  site)  and  tough  fields  (Matera  test 
site)  have  been  clustered  in  the  same  class,  the  two  sites  were 
imaged  at  two  very  different  incident  angles:  26.44"^  and 
45.8®,  respectively.  Considering  Matera  fields,  c^hv/cj^w  is 
pretty  well  correlated  with  the  roughness.  However,  it  shows 


a  degree  of  overlap  between  medium  rough  and  rough 
classes.  Moreover,  a^Hv/cJ^w  is  also  very  sensitive  to  the  in¬ 
cidence  angle,  thus  failing  the  separation  between  clear  cuts 
and  medium  rough  fields. 

In  [4],  the  data  set  has  been  studied  with  respect  to  the  effect 
of  surface  roughness  on  co-  and  cross-  polarized  backscatter- 
ing  coefficients  as  well  as  on  copolarized  correlation  coeffi¬ 
cient,  in  the  case  of  linear  and  circular  polarization  states.  A 
higher  sensitivity  to  surface  roughness  has  been  found  at  cir¬ 
cular  than  at  linear  polarization.  In  fig.  2,  the  IprrllI  depend¬ 
ence  on  roughness  state  is  shown.  Whatever  the  incident  an¬ 
gle  considered,  roughness  classes  are  well  separated  meaning 
a  IPrrllI  negligible  dependence  on  the  imaging  geometry. 
Moreover,  the  maximum  \pBmi)  variability  is  much  larger 
than  the  a^HvM^w  maximum  spread. 


Figure  1:  HVA^  backscattering  ratio  versus  the  roughness 
classes. 


Figure  2:  Magnitude  of  the  copolarized  correlation  coeffi¬ 
cient  in  circular  polarization  versus  the  roughness  classes. 


1307 


Distribution  of  the  Correlation  Coefficient  Estimate 

Under  the  assumption  of  circularly  Gaussian  distributed  real 
and  imaginary  scattering  matrix  components,  which  holds 
whatever  the  polarization  state  is,  Goodman  [3]  has  derived 
the  pdf  of  the  copolaiized  correlation  coefficient  estimator: 

*al 


It  should  be  noted  that  the  moisture  content  of  these  fields  is 
almost  constant.  As  can  be  seen,  there  is  an  overall  good 
agreement  between  theoretical  and  experimental  distribu¬ 
tions  and,  moreover,  the  drastically  different  behavior  be¬ 
tween  |Pw/w|  and  is  clearly  shown.  The  |p//ww|  dis¬ 

tribution  is  peaked  around  an  almost  constant  value  irrespec¬ 
tive  of  roughness.  On  the  contrary,  the  peak  of  the 

I A /yjLL  I  distribution  is  shifting  toward  lower  values  as  the 
roughness  increases. 


CONCLUSIONS 


where  n  is  the  number  of  independent  samples. 

In  order  to  better  understand  the  IprrixI  behavior,  the  ex¬ 
perimental  statistics  of  both  |A««x|and  |A//ww|  have  been 
measured  over  a  number  of  16  samples  and  compared  with 
the  Goodman’s  expression.  In  fig.  3  the  results  obtained  at  L 
band  for  the  smooth  case,  the  medium  rough  case  and  the 
rough  case  are  shown,  respectively. 


SU0CffHC«[ 


•} 
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Figure  3:  Theoretical  and  experimental  copolarized  correla¬ 
tion  coefficients  pdfs  (n=16  independent  samples)  [3]  of 

I  and  .  a)  smooth  case,  b)  medium  rough  case,  c) 
rough  case. 


In  this  work  the  effect  of  antenna  polarization  on  a®pq/a% 
and  Ipppqql  as  polarimetric  discriminators  of  surface  rough¬ 
ness  is  investigated.  In  particular,  the  experimental  analysis 
focuses  on  a  comparison  between  their  behavior  in  linear  and 
circular  polarization. 

The  data  set  consists  of:  1)  polarimetric  SAR  data  acquired 
during  the  first  and  second  SIR  C/X  SAR  mission  over  Les 
Landes  (France)  and  Matera  (Italy)  test  areas;  2)  ground  data 
in  terms  of  roughness  profiles,  moisture  content  and  soil 
composition  collected  over  selected  bare  fields. 

Results  show  that  the  best  separation  between  roughness 
classes  is  achieved  by  means  of  IPrrllI*  Future  work  will  be 
devoted  to  derive  soil  roughness  maps  based  on  IprrllI  and  to 
assess  the  moisture  inversion  problem. 
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INTRODUCTION 

The  Global  Hydrology  and  Climate  Center  (GHCC)  consists 
of  NASA  Marshall  Space  Flight  Center’s  ES41 /Earth 
Systems  Science  Division,  University  Space  Research 
Association  and  University  of  Alabama  in  Huntsville.  A  few 
researchers  at  GHCC  and  the  microwave  group  of  the  Earth 
Systems  Science  Division,  in  particular,  collaborated  with 
Alabama  A  &  M  University  in  proposing  hydrology,  soil 
climatology  and  remote  sensing  studies  by  establishing  a 
Minority  University  Research  Center  (MURC).  The 
proposal  was  funded  for  FY95  to  FY99  and  we  currently  are 
in  the  first  two  years’  planning  and  implementation  phases. 
The  microwave  remote  sensing  of  land  surface  soil  moisture 
is  one  element  of  the  research  program. 

SCIENTIFIC  JUSTIFICATION 

The  work  described  herein  is  designed  to  address  several 
of  the  specific  recommendations  of  the  workshop  attendees 
of  a  NASA’s  Office  of  Mission  to  Planet  Earth  (MTPE) 
sponsored  workshop  in  1994  on  soil  moisture  [1].  It  is  also 
consistent  with  the  overall  goals  of  MTPE  Strategic 
Enterprise  as  it  pertains  to  studies  involving  land-cover 
change,  global  productivity,  and  long-term  climate 
variability.  Recent  study  results  indicated  that  both  passive 
microwave  and  active  microwave  techniques  have  provided 
solid  theoretical  and  experimental  results  that  the  top  five 
cm  of  soil  moisture  can  be  measured  from  ground-based 
truck,  aircraft  and  space  platforms  under  a  variety  of 
environmental  conditions  and  through  a  moderate  vegetation 
cover  [2,  3].  In  view  of  these  findings,  Our  work  at  GHCC 
will  use  past  research  findings  as  the  starting  point  and  will 
focus  on  a  small-scale  (plot-size)  field  experiment  using 
truck-mounted  radar  and  radiometer  systems  for  the  first  two 
years. 

TRUCK-MOUNTED  RADAR  AND  RAIOMETER 
Electromagnetic  Techniques 


Electromagnetic  techniques  make  use  of  the  dielectric 
properties  of  moist  soil.  A  variety  of  sensors,  responsive  to 
either  resistivity  (the  imaginary  part  of  the  dielectric 
constant)  or  polarization  (the  real  part  of  the  dielectric 
constant),  or  both,  have  been  constructed.  Some  of  these 
sensors  are  designed  for  in  situ  operation  (i.e.,  implantable); 
others  are  to  be  operated  remotely  from  either  an  airborne  or 
a  spacebome  platform. 

Radiometer  Systems 

The  S-  and  L-band  Microwave  Radiometer  (SLMR)  [3]  is 
a  dual  frequency  passive  sensor  system  operating  at  S-band 
(2.65  GHz  or  1 1.3  cm)  and  L-band  (1.413  GHz  or  21.2  cm). 
The  radiometric  sensitivity  of  each  radiometer  is  0.1  K  for  a 
one  second  integration  time.  Each  linearly  polarized 
microstrip  patch  antenna  is  configured  as  4x4  phased  array 
providing  20  degrees  of  beamwidth  with  a  main  beam 
efficiency  of  97%.  The  antenna  and  receiver  are  packaged 
together  in  a  thermally  controlled  enclosure  for  each 
frequency. 

In  addition  to  the  SLMR  radiometers  provided  by  Dr. 
Tom  Jackson  of  USDA-ARS  Hydrology  Lab.  A  C-band 
radiometer  will  be  provided  by  Dr.  Carl  Swift  of  the 
University  of  Massachusetts  to  simulate  C-band 
radiometer’s  brightness  temperature,  because  both  the 
Multifrequency  Imaging  Microwave  Radiometer  (MIMR) 
and  Japanese  Advanced  Microwave  Scanning  Radiometer 
(AMSR)  contained  a  C-band  radiometer. 

Mounting  Frame  and  Boom  Truck 

The  instrument  platform  (or  mounting  frame)  to  be 
mounted  at  the  end  of  (manlift’s)  boom  would  be  moved  to 
vary  incidence  angle  from  0°  (nadir)  to  180°  (sky),  while  the 
boom  itself  would  be  rotated  360°  in  azimuth.  The  antennas 
are  mounted  to  observe  horizontal  polarization.  At  the 
nominal  operating  height  of  4  m  with  the  specified  field  of 
view  of  radiometers  (20°),  the  footprint  size  was  1.5  m  at  a 
viewing  angle  of  10°  off  nadir. 
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In  addition  to  the  two  microwave  radiometers,  several 
other  supporting  instruments  would  also  be  mounted  on  the 
mounting  frame.  Pointing  accuracy  and  target  location  for 
the  microwave  radiometers  were  achieved  with  a  color  video 
camera  installed  on  the  frame  between  the  two  antennas. 
The  look  angle  of  the  instrument  platform  was  determined 
by  an  inclinometer  system. 

Radiometer  Calibration 

Calibration  of  the  radiometers  is  based  on  external 
reference  targets.  The  external  targets  typically  used  are  sky 
(‘--5  K)  and  absorber  (-300  K).  These  are  usually  quite  stable 
references,  cover  the  entire  range  of  instrument  response, 
and  are  easy  to  obtain.  These  observations  were  made 
frequently  at  the  beginning  of  the  experiments  to  establish 
and  verify  the  calibration  and  less  often  later  in  the  summer. 
Another  valuable  calibration  target  is  water.  Water  has  well 
known  brightness  temperature  (T^)  values  as  functions  of 
temperature  and  angle.  By  varying  the  angle,  reference  Tq 
values  between  50  K  and  110  K  can  be  obtained.  Water 
calibration  is  more  difficult  to  obtain  frequently  since  it 
usually  must  be  done  at  some  location  other  than  test  sites; 
past  experiments  performed  this  calibration  only  a  few 
times. 

Truck  Radar  System 

The  truck  radar  system  is  a  three(3)  frequency  active 
sensor  system  operating  at  X  band  (10.0  Ghz  or  3  cm),  C 
band  (4.75  Ghz  or  6.3  cm),  and  L  band  (1.6  Ghz  or  18.75 
cm).  The  system  will  be  operated  by  Dr.  Peggy  O’Neil  of 
NASA/GSFC's  Hydrological  Sciences  Branch.  The  L  band 
antenna  consists  of  a  1.2  m  parabolic  dish,  while  smaller 
horn  antennas  are  used  for  the  C  and  X  band  radars.  Antenna 
3  dB  beamwidths  range  from  9-12  degrees  depending  on 
frequency  and  polarization.  Switching  between  frequencies 
and  polarizations  is  accomplished  by  an  HP3488A  switching 
unit  outfitted  with  SPDT  coaxial  switches. 

Dr.  Peggy  O’Neill  of  NASA/GSFC  will  provide  and  in 
charge  of  truck  radar  system’s  field  experiment  during  July 
1996  [6]. 

FIELD  DEPLOYMENT 

To  obtain  an  accurate  and  workable  field  experiment  all 
proceedures  and  injsitu  instruments,  such  as  time  domain 
reflectometers  (TDR),  and  measurement  requirements  were 
included  in  the  implementation  plan.  In  the  plan,  three(3) 
plots,  each  plot  with  100m  by  20m  in  size,  were  selected 
within  Alabama  A&M  University’s  agricultural  research 
farm.  Plot  1  comprises  of  one  half  each  of  a  grass  land  and  a 
cotton  field;  Plot  2  comprises  of  one  half  each  of  two  bare 
soil  fields  with  different  surface  roughness;  Plot  3  comprises 
of  one  half  each  of  a  soy  bean  field  and  a  com  field.  Injsitu 


instruments  were  placed  in  all  three  plots  and  data  were 
collected  concurrently  with  data  acquisition  of  truck- 
mounted  radar  and  radiometer  systems.  In  the  beginning, 
plots  were  irrigated  thoroughly  and  using  dry  down  period 
to  control  soil  water  content  variations.  Within  two  weeks' 
data  acquisition  window,  microwave  measurements  will 
continue  for  seven  days.  All  data  sets  were  used  to  derive 
soil  surface  moisture  and  soil  moisture  and  temperature 
profiles  of  each  plot.  This  local  scale  (L.S.)  soil  moistures 
from  all  three  plots  were  then  input  to  the  L.S.  hydrology 
model.  The  model  was  then  used  to  derive  a  larger  area  soil 
moisture  database  (e.g.  100m  by  100m  plot-size). 

Window  of  measurements 

The  SLMR  radiometers  and  the  C-band  radiometer  will 
stay  at  the  test  bed  during  the  month  of  July.  GHCC  will 
provide  a  boom  truck  and  a  mounting  frame  to  be  used  as 
the  field  experiment  platform.  The  C-band  radiometer  will 
use  a  fix  mount  type  platform  by  which  only  one  plot  data 
will  be  collected. 

The  truck  radar  system  is  to  be  ready  on  the  first  week  of 
July  1996  with  two  weeks  of  data  acquisition  time.  In  the 
beginning,  plots  were  irrigated  thoroughly  and  using  dry 
down  period  to  control  soil  water  content  variations.  Within 
two  weeks'  data  acquisition  window,  microwave 
measurements  will  continue  for  seven  days. 

In  situ  Instruments’  Data  Acquisition 

Concurrent  in  situ  soil  data  collection  using  a  variety  of 
implanted  instruments  will  be  made  and  to  be  continued 
within  one  months'  data  acquisition  window. 

SOIL  MOISTURE  PROFILING 
Passive  Techniques 

The  SLMR  microwave  radiometers  measured 
multiparameter  (  frequency,  polarization,  look  angle  and 
time  variations)  brightness  temperatures,  T^  These  T^  and 
corresponding  surface  temperature,  Tg ,  will  be  used  to  solve 
the  inverse  problem  for  soil  moisture  and  temperature 
profiles  [4].  The  solution  is  based  on  combining  a  model  of 
coherent  wave  radiative  transfer  and  a  model  of  coupled 
heat  and  moisture  diffusion  in  porous  media,  and  inputting 
Tb  and  Tg ,  to  obtain  the  liquid  volumetric  water  content  and 
temperature  profiles  in  a  soil  column.  The  physics-based 
algorithm  as  the  solution  without  the  use  of  empirical 
relations  makes  the  retrieval  theoretically  sound  and 
practically  feasible. 

We  are  in  the  process  of  obtaining  a  copy  of  source  codes 
by  which  the  measured  brightness  temperatures  and  surface 
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temperatures  are  used  as  inputs  to  obtain  the  plot-size  soil 
moisture  and  temperature  profiles.  All  three  bands  (L,  S,  and 
C  band)  brightness  temperatures  will  be  used  when 
available.  We  will  also  include  vegetation  as  well  as  bare 
soil  in  the  solution  of  inverse  problem. 

Active  Techniques 

The  radar  systems  measured  multiparameter  (  frequency, 
polarization,  look  angle  and  time  variations)  backscattering 
coefficients.  The  backscattering  coefficients  and  surface 
parameters  (roughness,  vegetation  cover,  etc.)  will  be  used 
to  solve  the  inverse  problem  for  plot-size  surface  soil 
moisture[5].  Because  the  truck  radar  system  is  a  three(3) 
frequency  active  sensor  system  operating  at  X  band  (10.0 
Ghz  or  3  cm),  C  band  (4.75  Ghz  or  6.3  cm),  and  L  band  (1.6 
Ghz  or  18.75  cm),  the  developed  algorithm  can  be  used  to 
solve  the  inverse  problem  with  space-based  sensors  (e.g., 
ERS-1,2;  JERS-1;  RADARSAT)  data  acquired  over  the 
same  sites  and  same  date.  In  this  sense,  the  truck  radars 
could  be  used  as  calibration  instruments  and  the  test  plots  as 
ground  truths  for  the  space-borne  sensors. 

SUMMARY 

The  plot-size  microwave  field  measurement  work  is  a 
team  effort  which  includes  not  only  multi-agency  but  also 
multi-discipline.  Since  we  try  to  address  several  of  the 
specific  recommendations  of  the  workshop  attendees  of  a 
NASA’s  Office  of  Mission  to  Planet  Earth  (MTPE) 
sponsored  workshop  in  1994  on  soil  moisture  [1],  the  results 
of  plot-size  experiment  need  to  be  progressively  extended  to 
a  larger  scale  through  hydrologic  modeling.  In  this  regard, 
research  needs  to  be  conducted  to  modify  existing  models 
[4,  5]  or  develop  new  models  to  effectively  use  remotely 
sensed  soil  moisture.  There  is  need  for  research  in 
understanding  the  role  of  surface  soil  moisture  in  basic 
hydrological,  meteorological,  and  ecosystem  processes. 
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ABSTRACT 

The  aim  of  this  study  is  to  test  the  utilization  of  Landsat  TM- 
5  imagery  in  hydrological  applications.  The  areas  selected 
for  the  study  are  the  Nievole  river  basin  (47  km"),  a  sub¬ 
catchment  of  the  Amo  river  basin  (Toscana,  Italy)  and  the 
Fucecchio  marsh  (50  km%  Toscana,  Italy).  A  linear 
relationship  has  been  found  between  satellite  data  and  soil 
parameters  obtained  from  pedological  maps  available  for  the 
marsh  area,  such  as  hydraulic  conductivity  (K,  mm/h)  and 
soil  water  content  (WC,  mm).  An  example  of  obtaining 
runoff  Curve  Number  CN  [1]  is  also  presented.  The  same 
relation  has  been  used  for  the  hydraulic  characterization  of 
the  Nievole  river  basin,  marked  by  lack  of  pedologic  maps. 
The  procedure  described  in  the  article  provides  an  accurate 
soil  hydraulic  characterization  based  on  remote  sensing  for 
areas  where  soil  maps  are  too  expensive  and  time  consuming 
to  realize. 


1.  INTRODUCTION 

Remote  sensing  from  satellites  can  provide  useful 
information  for  hydrologic  applications,  in  particular  in  using 
distributed  models  [2].  Hydrological  models  of  the 
distributed  system  type  simulating  the  rainfall-runoff  process 
allow  to  describe  the  hydrological  processes  taking  into 
account  the  spatial  variability  of  soil  properties  and  the 
distribution  of  rainfall  in  time  and  space.  The  purpose  of  the 
present  work,  which  is  a  part  of  the  Arno  project,  a  joint 
research  project  of  the  Department  of  Civil  Engineering, 
University  of  Florence  and  the  Group  for  Defence  against 
Hydrogeological  Catastrophes  of  the  National  Research 
Council  (CNR),  is  to  show  the  utility  of  Landsat  TM-5  data 
on  soil  hydraulic  characterization  and,  in  particular,  the  high 
resolution  in  space  that  can  be  obtained.  The  crucial  problem 
in  using  distributed  models  is  that  adequate  data  to  describe 
quantitatively  a  hydrologic  process  with  sufficient  accuracy 
are  seldom  available,  while  a  high  resolution  in  space  and/or 
time  is  always  required.  Many  of  the  input  parameters 
depend  on  catchment  characteristics  and  they  are 
conventionally  estimated  from  maps  often  appearing 
inaccurate  or  obsolete.  Regarding  to  hydraulic  conductivity 
0-7803-3068-4/96$5.00©1996  IEEE 


and  soil  water  content  values,  they  are  derived  from  the 
available  pedological  maps  for  the  study  area.  Satellite 
imagery  opens  the  opportunities  to  have  area  measurements 
instead  of  point  ones  and  a  higher  resolution  in  space  and/or 
time  comparing  to  the  common  methods.  But  remote  sensing 
sensors  do  not  measure  hydrological  data.  They  measure  the 
electromagnetic  signal  emitted  from  bodies  in  certain 
spectral  bands  of  the  electromagnetic  spectrum  [3].  An 
indirect  way,  called  “transfer  function”,  for  obtaining 
hydrologic  information  has  to  be  found  [4].  This  study 
proposes  a  linear  regression  model  as  transfer  function 
between  real  values  of  hydraulic  conductivity,  soil  water 
content  and  CN  values  for  the  Fucecchio  marsh  derived  from 
the  available  pedological  maps  and  Landsat  TM-5  data 
transformed  into  Reflectance  Index  Models  (RIM).  RIMs  are 
defined  as  combination  of  Digital  Number  (DN)  values  for 
the  same  pixel  in  different  wavelength  bands. 

A  linear  regression  model  is  tested  on  the  RIMs  showing  a 
significative  correlation  coefficient  (r^  O.Sl )  and  the 
coefficients  are  calculated  with  the  Least  Mean  Square 
Method  for  the  Fucecchio  marsh  area.  The  same  coefficients 
are  used  for  deriving  a  grid  map  (30mx30m)  representation 
of  hydraulic  parameters  for  the  Nievole  river  basin  for  which 
no  pedological  maps  at  the  requested  scale  1:25,000  were 
available. 


2.  DATA  DESCRIPTION 

The  areas  selected  for  the  study  are  the  Fucecchio  marsh  and 
the  Nievole  river  basin,  located  respectively  (Fig.l)  at  South 
and  North  of  Montecatini  Terme.  Both  areas  are  inside  the 
Pistoia  district. 

The  Fucecchio  marsh  is  one  of  the  most  important  wetland  in 
Italy  and  many  studies  with  the  aim  of  a  soil  characterization 
can  be  found  in  literature.  We  refer  to  a  pedologic  map 
1:25,000  [5]  offering  a  Soil  Taxonomy  classification  [6],  it 
has  been  digitized  through  the  GIS  ARC/INFO  [7],  saved  in 
a  vectorial  format  and  then  transformed  in  a  grid  fonnat  with 
cell  size  30m  by  30m.  For  each  class,  a  range  of  variability 
for  the  hydraulic  conductivity  and  soil  water  content  is 
given.  The  Landsat  scene  is  taken  on  September  24th,  1991 
and  covers  all  the  Tuscany  area. 
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The  total  scene  has  been  corrected  for  different  solar 
illumination  angles  and  georeferenced  assigning  Universal 
Transverse  Mercator  (UTM)  map  co-ordinates,  then  cut  on 
the  tw'o  different  study  areas. 

As  regards  the  georeference  operation,  maps  from  Militar 
Geographic  Institute,  scale  1:25,000  have  been  used  for  the 
exact  location  of  the  100  Ground  Control  Points  (GCPs) 
utilized  for  the  linear  transformation  applied.  The  sensor 
Thematic  Mapper  (TM)  mounted  on-board  the  Landsat 
satellite,  is  able  to  detect  and  record  the  solar  energy 
reflected  from  the  earth’s  surface  with  a  ground  resolution  of 
30m  by  30m  in  six  wavelength  intervals  belonging  to  the 
visible  and  infra-red  regions  of  the  electromagnetic 
spectrum.  It  is  expressed  in  terms  of  DN  value  which  results 
from  the  quantisation  of  the  amplified  electronic  signal 
generated  by  the  detector  through  a  simple  linear  relation  of 
the  radiance  reaching  the  sensor.  For  each  band,  a  binary 
number  is  produced,  usually  in  the  range  of  0-256,  so  than  8 
bits  can  be  used  to  store  one  band  value. 


created  in  MATLAB  [8]  language  for  linking  ERD.^S  [9] 
format  flies  with  Matlab  format  files.  In  such  a  way,  it  is 
possible  to  work  on  separate  matrices  whose  elements  are 
the  DNs  for  each  band.  In  Matlab  format,  each  original  pixel 
represented  by  an  element  in  the  matrix,  keeps  its 
geographical  location.  In  fact,  it  may  be  obtained  knowing 
the  row  and  the  column  occupied  in  the  matrix  and  the  real 
geographical  co-ordinates  of  the  upper  left  element  of  the 
matrix  (1,1). 

The  attention  in  the  article  has  been  focused  on  the  hydraulic 
conductivity,  but  the  same  procedure  has  been  used  for  soil 
water  content  and  CN  values.  The  abundance  of  reflectance 
data  seems  to  be  in  contrast  with  the  narrow  range  of 
variability  for  the  hydraulic  parameters  obtained  from 
pedologic  maps.  The  central  part  of  the  marsh  is  occupied  by 
very  fine  texture  soils,  such  as  Typic  Hydraquents  or  Aquic 
Xerofluvents  (THl,  TH2,  TH3,  AXl)  with  values  around  0.4 
mm/h,  the  surrounding  parts  are  characterized  by  soils 
having  values  round  9-10  mm/h.  These  values  show  that  all 
the  area  is  almost  impermeable  and  the  range  of  variability  is 
really  small.  Then,  before  the  linear  regression  step,  a 
method  for  reducing  DN  data  has  to  be  chosen. 

Looking  at  the  frequency  histograms  for  each  band  and 
combinations  of  bands,  the  reduction  to  the  mean  value  for 
all  the  pixels  characterized  by  the  same  value  of  the 
hydraulic  parameter  under  examination,  seems  to  appear  the 
best  solution.  Betw’een  all  the  RIMs  available  in  literature 
[10],  [11],  the  original  DNs  for  some'bands  seems  to  have 
given  the  best  results  show'ing  a  correlation  coefficient  r 
greater  than  0.8  (Table  I).  For  the  hydraulic  conductivity, 
band  1  (0.45-0.52  pm)  and  band  5  (1.55-1.75  pm)  have  been 
chosen.  A  linear  regression  model  is  tested  on  the  reduced 
DNs  and  the  original  hydraulic  conductivity  values  derived 
from  the  pedological  map  for  the  Fucecchio  marsh  area.  The 
coefficients  are  calculated  with  the  Least  Mean  Square 
Method  and  the  same  coefficients  are  used  for  the  Nievole 
river  basin.  For  each  grid  cell,  knowing  the  DN  value  in  the 
band  1  the  hydraulic  conductivity  can  be  calculated  with  the 
linear  equation. 


Table  I  -  Correlation  coefficients  for  the  Fucecchio  area 


K  min 

K  max 

WC  min 

WC  max 

Bands 

DN5 

dn; 

DNi-i-DNi 

dn; 

Cor 

-0.961 

0.955 

-0.819 

-0.802 

3.  PROCEDURE 

Different  RIMs  given  by  algebraic  operations  on  the  DNs 
corresponding  to  the  same  pixel  are  analyzed.  For  a  better 
manipulation  of  DN  values  in  different  bands,  such  as 
rationing,  summing,  linear  combinations,  some  routines  are 


4.  ANALYSIS  OF  RESULTS 

A  grid  map,  with  a  single  value  of  the  hydraulic  conductivity 
can  be  obtained  for  both  the  study  areas.  A  comparison 
analysis  between  the  original  pedological  map  and  the  new 
one  has  been  done  for  a  validation  of  the  first  results. 
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data  is  able  to  integrate  spatial  variations  on  soil  water 
movement  estimating  the  hydraulic  conductivity,  soil  water 
content  and  the  CN.  The  obtained  results  give  a  preliminary 
positive  answer  to  the  possibility  of  using  satellite  data  to 
characterize  the  hydrologic  behaviour  of  those  areas 
characterized  by  lack  of  pedologic  maps. 
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Fig. 2  -  Nievole  river  basin:  hydraulic  conductivity  grid  map 
(mm/h) 
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The  central  part  of  the  marsh  was  characterized  by  values 
round  0.4  mm/h,  from  the  application  the  range  is  0.1-1 
mm/h,  more  than  50  %  of  the  total  area  has  values  between 
0.1-10  mm/h.  So,  once  verified  that  an  acceptable 
correspondence  between  the  original  map  values  and  the 
ones  obtained  from  the  linear  regression  has  been  obtained, 
the  same  coefficients  can  be  used  for  the  Nievole  river  basin. 
The  results  for  the  Nievole  river  basin  are  presented  in  a  grid 
format  in  Fig.  2. 

The  procedure  is  able  to  answer  to  the  following  questions: 

1 - calculate  the  value  of  the  hydraulic  conductivity 
corresponding  to  a  grid  cell  of  known  geographical  co¬ 
ordinates; 

2-  individuate  on  the  map  areas  characterized  by  a  given 
range  of  variability  for  the  hydraulic  conductivity.  This  kind 
of  application  can  be  useful  for  an  inventory  of  areas  under 
high  flood  risks.  Fig.2  shows  that  20  %  of  the  area  is 
characterized  by  values  in  the  range  0.1-1  mm/h 
corresponding  to  the  urbanised  area  close  to  Montecatini 
Terme.  More  than  50  %  is  inside  the  1-100  mm/h.  The 
smallest  values  are  close  to  the  channel  network  to 
demonstrate  the  spatial  variability  of  the  hydraulic 
conductivity  values  satisfied. 

5.  CONCLUSIONS 

The  soil  hydraulic  characterization  in  general  comes  out 
from  the  available  pedological  maps  for  the  study  area.  The 
reason  for  leaving  out  soils  data  from  the  approach  is  that 
soil  maps  are  not  available  for  some  areas  and  direct  field 
observations  are  sometimes  too  expensive  and  time 
consuming.  The  proposed  technique  using  Landsat  TM-5 
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ABSTRACT 

Numerous  techniques  have  been  recently  developed  or 
modified  for  improved,  in-situ  soil  moisture  content 
determination.  Examples  of  the  devices  used  in  these 
techniques  include  the  time  domain  reflectometer,  the  soil 
moisture  gauge,  and  the  heat-pulse  probe.  This  paper 
discusses  the  theory,  description,  and  application  of  an  optical 
reflectance  technique  for  the  in-situ  measurement  of  soil 
moisture  content.  An  encased,  simple  light  source  is 
proposed  which  produces  a  reflectance  from  a  coated,  porous 
membrane  whose  moisture  content  is  a  result  of  being  in 
close  contact  with  a  moist  section  of  soil.  A  photodiode  and 
a  photocell  detector  capable  of  sensing  the  1.4  mm 
wavelength  of  light  that  is  reflected  by  the  moist  porous 
membrane  surface  are  used  to  quantify  the  moisture  content. 
The  device  is  approximately  125  cm^  and  can  be  pushed  into 
the  soil  to  desired  depths.  Reflectance  measurement 
techniques  such  as  this  have  been  able  to  obtain  soil  moisture 
content  measurements  to  an  accuracy  of  better  than  1%.  The 
optical  reflectance  methodology  presented  here  uses  a  simple 
technique  that  will  allow  the  determination  of  soil  moisture 
content  by  using  a  simple  equation  which  is  based  on  the 
fraction  of  reflected  light  power  incident  on  the  detector  with 
a  dry  and  moist  porous  membrane. 

INTRODUCTION 

Light  reflectance  on  porous  material  surfaces  such  as  soils 
is  a  topic  that  is  well  documented  [5, 6, 7,  8, 9, 11, 13, 14, 15] 

.  As  light  or  electromagnetic  radiation  (EMR)  moves  in  the 
form  of  various  wavelengths  from  a  source  onto  a  material 
surface,  the  wavelengths  may  be  1)  transmitted,  2)  absorbed, 
3)  reflected  or  refracted  by,  4)  changed  in  length,  or  5)  a 
combination  of  the  above  [11,  16].  Such  light  may  include 
wavelengths  of  1.4  and  1.9  mm  of  the  near  infrared  spectral 
region  which  shows  a  relatively  high  degree  of  absorbance  in 
the  presence  of  water  [16]. 

Considering  EMR  reflectance  on  material  surfaces, 
wavelengths  may  scatter  upon  striking  the  surface 
resulting  in  reflecting  wavelengths  moving  in  many 
directions. 

The  reflectance  of  EMR  from  surfaces  may  be  affected  by 
the  surface  porosity,  surface  and  internal  matrix  structure, 
color,  and  composition  as  well  as  by  the  angle  and  nature  of 
the  emitting  EMR  source.  The  magnitude  of  the  reflected 
EMR  {or  the  measured  bidirectional  reflectance  distribution 
function  (BRDF)  or  reflectance  factor  [17,  18]}  can  be 
determined  using  a  filtered  sensor  that  is  positioned 
geometrically  with  the  EMR  source  and  the  material  surface 


such  that  the  reflected  wavelengths  are  incident  to  the 
detector  [12,  16].  The  detected  magnitude  of  the  reflected 
EMR  is  dependent  on  the  degrees  of  EMR  reflectance,  the 
amount  of  EMR  absorbance,  and  the  amount  of  EMR  passing 
through  the  material  surface.  Increasing  the  EMR  sorptive 
capacity  of  the  reflecting  surface  deaeases  the  magnitude  of 
the  reflected  EMR  that  is  incident  to  the  detector.  Since  the 
reflecting  surface  of  the  material  at  increased  moisture 
contents  contain  increased  amounts  of  water,  the  absorption 
of  EMR  at  1.4  and  1.9  mm  will  increase  and  the  magnitude  of 
the  reflected  EMR  is  reduced  [16]. 

Alessi  and  Prunty  developed  a  fiber  optics  technique  for 
determining  soil  water  status  based  on  the  reduction  in  light 
transmission  due  to  the  presence  of  soil  water  [1].  Cary  et  al. 
reported  similar  findings  for  transmitted  light  through 
translucent  porous  materials  [4].  The  Cambria  Corporation 
has  recently  developed  an  electro-optic  technology  called  the 
EOS-IOO-W  liquid  detection  sensor  that  also  takes  advantage 
of  the  absorption  and  transmission  characteristics  of  water 
molecules  at  certain  wavelengths  [3].  The  sensor  is  referred 
to  as  a  single  channel  chemical  spectrograph  and  has  an 
accuracy  of  about  five  percent. 

EMR  reflectance  interferences  that  are  associated  with  the 
water  that  is  held  in  or  moving  through  porous  materials  have 
been  identified  and  may  be  minimized  for  light  reflection 
techniques.  The  principle  of  water  moving  through  porous 
materi^s  has  been  used  in  other  devices  that  are  used  for 
evaluating  soil  moisture  content.  Tensiometers,  for  example, 
are  composed  of  a  de-aired  tube  of  water  that  has  a  porous 
ceramic  cup  on  one  end  and  a  pressure  gauge  or  manometer 
on  the  other  end  [10].  The  porous  cup  end  is  placed  in 
unsaturated  soils  to  desired  depths  and  water  is  drawn  from 
the  tube  by  the  soil  until  an  equilibrium  is  reached.  The  soil 
moisture  tension,  and  hence  a  comparable  moisture  content, 
is  determined.  The  present  study  is  concerned  with  the 
theory,  description,  and  application  of  an  in-situ  moisture 
content  measuring  device  that  incorporates  optical  reflectance 
from  porous  material  as  a  means  of  acquiring  soil  water  status 
information. 

IN-SITU  OPTICAL  REFLECTANCE  SENSORS 

The  basis  of  the  optical  reflectance  technique  rests  on  the 
fact  that  the  reflectance  of  light  from  moist  soil  surfaces 
shows  strong  adsorption  bands  at  1.4  and  1.9  mm  as  well  as 
other  wavelengths.  The  design  of  the  optical  reflectance 
sensor  head  is  shown  in  Figure  1.  The  head  is  made  of 
plexiglass  or  PVC  pipe,  and  its  dimensions  are  approximately 
2.5  cm  in  diameter  x  5  cm  in  height.  This  small  volume 
contributes  to  the  simplicity  of  the  sensor  head  design  as  well 
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as  to  the  ease  with  which  the  sensor  may  be  used.  The 
approximate  volume  of  soil  evaluated  during  a  moisture 
content  measurement  is  10  to  100  cm^.  A  porous  ceramic 
membrane,  similar  to  that  used  in  conventional  tensiometers, 
covers  the  bottom  of  the  sensor  head  and  seals  the  apparatus 
in  an  air-tight  manner.  The  inner  surface  of  the  porous 
bottom  is  coated  with  a  thin,  clear  material,  such  as  glass,  that 
minimally  effects  the  light  absorbance  and  reflectance 
wavelengths  of  water.  Once  the  porous  cover  comes  in 
contact  with  the  moist  soil  and  a  short  equilibrium  time  is 
allowed,  the  moisture  content  in  the  soil  will  be  proportional 
to  the  moisture  content  in  the  porous  membrane.  The 
membrane  helps  to  transport  the  moisture  from  the  soil  to  the 
inner  surface  of  the  porous  material  which  may  then  be 
exposed  to  the  sensing  light  intensity.  Under  conditions  of 
equilibrium,  the  amount  of  moisture  per  unit  area  of  the  inner 
membrane  surface  is  independent  of  the  nature  of  the  soil. 

The  source  of  light  in  the  sensor  head  is  a  simple  flashlight 
lamp  worldng  with  one  or  more  1.5  V  batteries.  The 
reflected  light  detector  that  is  used 


Light  detector 


1 .4  urn  transmission 
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Figure  1 .  Optical  reflectance  sensor  head  schematic. 


can  be  a  photodiode  or  photocell  sensitive  to  the  1.4  or  1.9 
mm  wavelength.  A  simple  broad  band  glass  filter  or 
interference  filter  centered  around  the  peak  adsorption 
wavelength  is  used  in  front  of  the  detector  to  allow  only  the 
wavelength  of  interest  to  pass  through.  Simple  electronic 
circuitry  is  used  to  time  average  the  detected  signal  which  is 
compared  to  the  reflectance  measurement  from  the  inner 
membrane  surface  when  the  sensor  head  is  placed  in  a  dry 
soil  sample.  Variations  in  the  light  reflectance  of  the  moist 
membrane  surface  as  compared  to  the  reflectance  from  the 
dry  membrane  surface  are  attributed  to  changes  in  the 
moisture  levels  in  the  membrane  and  hence  to  the  moisture 
content  of  the  soil. 

The  complete  in-situ  optical  reflectance  sensor  device  is 
shown  in  Figure  2.  The  sensor  is  located  at  the  end  of  a  2.5 


cm  diameter  shaft  made  of  PVC  pipe  with  a  length  of  2 
meters.  The  electronic  circuitry  and  battery  unit  are  located 
atop  the  PVC  pipe  (or  within  the  upper  portion  of  the  pipe) 
in  a  manner  such  that  the  measured  moisture  content  can  be 
seen  on  a  LED  readout  on  the  upper  face  of  the  aluminum 
handle.  A  cable  located  in  the  shaft  connects  the  sensor  to 
the  electronic  circuitry  and  LED  readout  This  small,  light¬ 
weight  optical  reflectance  sensor  device  may  be  easily  pushed 
into  the  soil  to  a  desired  depth,  in  a  manner  similar  to  that  of 
the  conventional  tensiometer,  in  order  to  indirectly  measure 
soil  moisture  content 


Figure  2.  Complete  m-situ  optical  reflectance  sensor  device. 


THEORY 

The  reflected  light  energy  from  a  power  source,  Pq,  falling 
on  the  surface  of  a  porous  membrane  is  shown  in  Figure  1. 
Moisture  present  throughout  the  membrane  absorbs  light  at 
1.4  and  1.9  mm  and  hence  reduces  the  magnitude  of  reflected 
light  at  these  wavelengths.  Placing  the  membrane  in  close 
contact  with  a  moist  soil  causes  the  membrane  to  reach  an 
equilibrium  moisture  content  with  the  moist  soil.  Let  qp  be 
the  mass  content  of  moisture  per  unit  area  of  the  porous 
membrane  and  let  qm  be  the  mass  content  of  moisture  per 
unit  volume  of  the  soil.  After  equilibrium  is  reached,  qp  is 
proportional  to  qm-  Therefore, 


qp=aqm  (1) 

Assuming  that  the  porous  membrane  is  in  good  contact  with 
the  soil,  the  value  of  a  depends  only  on  the  nature  of  the 
membrane  and  its  ability  to  absorb  and  transport  moisture. 
Specific  membrane  characteristics  include  thickness, 
composition,  and  porosity. 

Let  fo  be  the  fraction  of  light  power  reflected  by  a 
membrane  containing  no  moisture.  The  light  power  absorbed 
by  the  dry  membrane  is  Po(l-flo).  If  f  is  the  fraction  of  light 
power  reflected  by  a  moist  membrane,  then  Pof<Pofo.  This  is 
due  in  part  to  the  fact  that  water  adsorbs  light  at  1.4  mm  and 
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other  wavelengths  and  causes  less  light  to  be  reflected.  The 
total  light  power  absorbed  by  a  moist  membrane  is  Po(l-0. 
The  additional  absorption  due  only  to  the  moisture  on  the 
membrane  is 

P0(l-O-P0(l-f0)=P0(f0-O  (2) 

If  F  is  the  fraction  of  reflected  light  power  incident  on  the 
detector,  then  F  is  independent  of  the  moisture  content  (which 
effects  the  magnitude  of  the  reflected  power)  and  depends 
only  on  the  relative  geometry  of  the  source  of  light, 
membrane  position,  and  the  detector  position.  The  light 
power  seen  by  the  detector  with  the  dry  and  moist  membrane 
are  therefore  Di=PofoF  and  D2=PofF,  respectively.  The 
change  in  the  light  due  to  the  moismre  is 

(Di-D2)=P0(f0-0F  (3) 

Since  Po(fo-0  depends  only  on  the  moisture  content  per  unit 
area  of  the  porous  membrane,  we  can  write 

P0(f0-O=bqp=(ba)qm  (4) 

where  b  is  a  constant  of  proportionality.  The  moisture 
content  in  the  soil  can  therefore  be  described  as 

qm=P0(f0-f)/ab=(Di-D2)/Fab=A(Di-D2)  (5) 

where  A=  1/Fab. 

Since  F  is  a  factor  that  depends  on  the  relative  geometry  of 
the  light  source,  membrane  surface,  and  detector  and  a  and  b 
are  constants  of  proportionality,  the  soil  moisture  content  can 
be  indirectly  determined  by  measuring  the  detection  signals 
Di  with  a  diy  membrane  (initially)  and  calibrating  the  sensor 
by  measuring  02*^^  with  a  known  moisture  content,  qm®^' 
Therefore, 

A=qn,cal/(Di-D2Cal)  (6) 

The  sensor  is  then  inserted  below  the  soil  surface  and  signal 
D2  is  measured  after  equilibrium  has  been  reached.  The 
moisture  content  is  read  as 

qm=A(Di-D2)=(qm‘^/[Dl-D2cal])(Di-D2)(7) 
MATERIALS  AND  METHODS 

The  Quincy  soil  used  for  this  study  was  collected  from  the 
Handford  site  in  Richland,  Washington  and  is  a  mixed  mesic, 
Typic  Torripsamment  [19].  The  soil  was  air  dried,  ground, 
and  sieved  through  a  2  mm  sieve.  The  soil  properties  of  the 
Quincy  soil  were  determined  using  standard  methods  [2] 
and  are  shown  in  Table  1.  This  sandy  textured  soil  was 
chosen  for  the  study  because  of  the  ease  with  which  the 
moisture  content  of  the  Quincy  soil  can  be  varied  without  soil 
aggregation  and  clumping  during  the  somewhat  short  time 
frames  associated  with  measuring  the  light  reflectance  from 


Table  1.  Soil  properties  of  the  Quincy  soil. 


Property 

SOIL 

Quincy 

pH 

6.29 

Particle  density, 

2.84 

gm/cm^ 

Organic  C,  % 

0.69 

Particle  size,  % 

clay 

11 

silt 

12 

sand 

77 

Predominant  clay 

smectite 

Porosity,  cm^/cm^ 

unpacked 

49.65 

packed 

39.79 

CEC,  cmol/kg 

5.99 

Specific  surface 

54.11 

area,  m^/gm 

Bulk  density. 

gm/cm^ 

unpacked 

1.43 

packed 

1.71 

moist  soil  surfaces. 

TTie  apparatus  used  fw  this  study  is  shown  in  Figure  3  and 
is  an  enlarged  version  of  the  optical  reflectance  sensm*. 
Approximately  88  gm  of  the  dry  Quincy  soil  were  placed  in  a 
dish  and  mounted  on  a  small  stand  that  was  positioned  in  the 
center  of  the  base  of  a  cylindrically  shaped  container.  An  8 
cm  X  8  cm  X  0.64  cm  Coors  porous  plate  was  placed  on  the 
soil  surface  for  light  reflectance  measurements.  All  material 
surfaces  associated  with  the  apparatus  (except  the  porous 
plate)  were  painted  dull/non-glossy  black  in  order  to 
minimize  light  reflectance  during  the  experiment.  Two 
hollow  tubes  were  positioned  on  the  apparatus  at 
approximately  90^  with  respect  to  each  other  and  at 
approximately  45®  with  respect  to  the  mounted  porous  plate. 
A  7  watt  light  bulb  was  position  in  a  light-tight  manner  at  the 
top  of  one  tube  and  was  the  source  of  light  falling  on  the 
porous  plate.  The  second  tube  was  positioned  such  that  only 
the  light  image  formed  on  the  plate  could  be  seen  by  a 
detector  which  was  positioned  in  a  light-tight  manner  at  the 
top  of  the  second  tube.  The  detector  was  connected  to  a 
recorder  that  registered  the  amount  of  reflectance  seen  by  the 
detector. 

The  apparatus  described  above  was  used  to  measure  the 
light  reflectance  from  the  Coors  porous  plate  that  was  in 
contact  with  air  dried  Quincy  soil  surface  and  at  mass 
moisture  contents  ranging  from  0.007  to  0.048.  The  moisture 
contents  were  achieved  by  spraying  water  onto  the  thin  soil 
surface  layer  using  a  fine  mist  spraying  water  bottle  and  then 
allowing  the  moisture  to  distribute  evenly  throughout  the  soil. 
This  technique  appeared  quite  appropriate  in  that  increasing 
the  moisture  content  of  this  sandy  textured  soil  containing  a 
relatively  low  clay  content  resulted  in  no  soil  aggregation  or 
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Figure  3.  Experimental  apparatus  used  to  evaluate  optical  reflectance  variation 
varying  sol  moisture  content. 


clumping  as  did  a  number  of  other  soils  tested  for  the 
experiment.  Each  soil  sample  was  put  in  a  petri  dish  with  the 
porous  plate  in  position  and  placed  onto  the  stand  inside  of 
the  apparatus  and  the  light  source  and  detector/recorder  were 
switched  on.  The  varying  reflectance  was  measured  and 
plotted  against  the  varying  soil  moisture  contents. 

RESULTS  AND  DISCUSSION 

The  results  of  the  experiment  are  depicted  in  Figure  4. 
Plotting  the  mass  moisture  content  versus  the  anti  In  (D1-D2) 

resulted  in  a  good  linear  fit  of  the  data  with  an  value  of 
0.977.  The  mass  moisture  content  varied  slightly  from 
0.0071  to  0.048  gm/gm  and  may  suggest  that  the  Quincy  soil 
had  a  low  water  holding  capacity.  In  spite  of  the  low  degree 
of  variation  in  the  soil  moisture  content,  mall  incremental 
changes  (1%)  in  the  moisture  content  resulted  in  measurable 
variations  in  the  light  reflectance  from  the  porous  plate.  The 
optical  reflectance  technique  appears  to  be  a  viable  addition 
to  the  existing  in-situ,  moisture  measuring  techniques 
available  for  moisture  status  evaluation.  The  theory  upon 
which  the  technique  is  based  is  simple  and  its  described 
operation  is  easy.  Part  II  of  this  psaper  will  be  concerned 
with  the  development  of  a  hand-held  soil  moisture  measuring 
device  that  is  easy  to  use,  accurate,  and  inexpensive. 
Additional  concerns  will  include  the  device  limitations,  and 
comparisons  to  existing  methodologies. 
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ABSTRACT 

Some  results  of  passive  microwave  remote  sensing 
application  for  the  determination  of  surface  (20  -  30  cm 
layer)  soil  moisture  and  general  water  content  in  1  m  layer 
are  presented.  Model  estimation  of  accuracy  dependence  on 
different  soil  parameters,  vegetation  biomass,  errors  of 
calibration,  etc.  are  given.  Results  of  comparison  between 
remote  sensing  data  and  contact  data,  obtained  in  different 
regions  are  analyzed.  The  algorithms  for  data  processing 
were  elaborated  in  Institute  of  Radioengineering  and 
Electronics  Russian  Academy  of  Sciences,  and  developed  in 
Institute  of  Geoinformatics,  Ltd,  software  and  microwave 
radiometers  in  centimeter  and  decimeter  wavebands  for 
experiments  were  elaborated  in  Institute  of  Geoinformatics, 
Ltd. 

INTRODUCTION 

Numerous  results  of  theoretical  and  e.xperimental 
investigations  [1-5]  shows,  that  the  variations  of  next 
parameters  have  main  influence  on  accuracy  of  passive 
microwave  remote  sensing  application  for  soil  moisture 
determination:-  vegetation  biomass;  soil  constants  (bulk 
density;  field  capacity,  wilting  point);-  calibration  errors. 

MODELING 

The  bulk  density  (BD)  of  grounds  characterize  the 
possibility  of  soils  filling  by  water  .  The  analyzing  of  more, 
then  20  soil  types  shows,  that  real  natural  variations  of 
mentioned  parameter  from  its  mean  value,  which  is  known 
from  soil  maps  and  literature,  does  not  exceed  10  %. 
Mentioned  spatial  bulk  density  dispersion  leads  to  small 
(up  to  0.025  g/cm3)  increasing  of  remote  sensing 
estimations  of  volumetric  water  content  (Fig.  la). 

The  land  surface  roughness,  including  relief 
variations,  leads  to  small  microwave  radiation  intensity 
variations,  and,  as  a  result,  to  insignificant  increasing  of 
remote  sensing  estimations  of  surface  (0  -  30  cm  layer) 
water  content  (up  to  0.02  g/cm3). 

From  the  other  side  the  influence  of  ground  surface 
processing  degree  (ploughing,  harrowing,  etc.)  is 
accompanied  by  loosen  of  soil’s  upper  layer,  by  increasing 
of  porousness,  decreasing  of  volumetric  water  W,  which  is 
equal  to  sharp  variation  of  BD.  In  that  case  (Fig.  lb)  the 
0-7803-3068-4/96$5.00©1996  IEEE 


errors,  which  depends  on  difference  in  grounds  processing 
increases  up  to  0. 1 1  g/cm3. 

As  it’s  known  from  the  literature  the  full  range  of 
bulk  density  (BD)  natural  variations  for  more,  then  20  soil 
types,  is  about  0.24  g/cm3  (1.48  -  1.24). 

The  sensitivity  of  volumetric  water  mean  value  in  1 
m  layer  to  BD  variations  is  about  1.92  [%]/[g/cm3].  It 
means,  that  natural  variations  of  BD  leads  to  remote  sensing 
estimation  errors  about  0.5%. 

The  full  range  of  wilting  point  (WP)  is  about  12.9 
%.  Sensitivity  of  volumetric  water  mean  value  in  1  m  layer 
to  WP  variations  is  about  0.3  [%]/[%].  It  means,  that  WP 
variations  leads  to  maximum  errors  about  4  %.  Usually 
mean  value  of  WP  is  known  with  an  absolute  error  of  2%.  It 
leads  to  remote  sensing  error  of  soil  moisture  estimation 
about  1.2%. 

Theoretical  and  experimental  study  of  radiowaves 


dW,g/cni3 


Fig.  1  The  Dependence  of  soil  moisture  remote  sensing 
estimation  errors  from  volumetric  water  content  mean  value 
in  the  presence  of  BD  and  state  of  earth  surface  variations, 
a)  -  dependence  on  natural  BD  variations;  b)  -  dependence 
on  grounds  processing  degree 
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propagation  in  the  vegetation  medium  show,  that  main 
parameters,  which  it’s  necessary  to  take  into  account  during 
remote  sensing  data  processing  are  types  and  wet  biomass  of 
vegetation. 

It’s  possible  to  get  more  or  less  correct  information 
about  the  vegetation  types  from  different  sources  (satellite 
images,  physical  maps,  etc.).  From  the  other  side  only  mean 
values  of  vegetation  biomass  are  known  before  data 
processing. 

Its  dispersion  leads  to  soils  brightness  temperature 
estimation  errors,  and  as  a  result,  to  errors  of  remote  sensing 
water  content  estimations(RSWCE). 

For  example,  on  Fig.  2  the  dependence  of  soil 
moisture  remote  sensing  estimation  errors  from  mean  value 
of  ground  surface  water  content  in  the  presence  of  vegetation 
biomass  variations  is  given.  It’s  seen,  that  accuracy  of 
passive  microwave  remote  sensing  method  depends  not  only 
on  natural  variations  of  vegetation  biomass,  but  on  mean 
value  of  water  content  in  upper  (0  -  30  cm)  layer.  In  number 
of  cases  the  W  maximum  error  increases  up  to  0. 15  g/cm3 
In  the  same  time  sensitivity  of  RSWCE  mean  value  in  I  m 
layer  to  transmissivity  of  the  vegetation  layer  [3,  which 
depends  on  waverange  and  biomass,  is  about  0.49 
[%]/0.1*p.  As  a  result,  the  maximum  variations  of  biomass 
(Pmax -Pmin  0  5)  leads  to  I  Ill  Water  content  relative  error 
about  2.5  %. 

Calculated  sensitivity  of  soil  moisture  mean  value 
variations  in  upper  layer  to  its  microwave  radiation  is  0.003 


Fig.  2.  The  error  of  remote  sensing  estimation  of  upper 
layer  soil  moisture  in  a  presence  of  vegetation  biomass 
variations.  Mean  values  of  wet  biomass:  1  -  Q  =  0.2;  2  -  0.5; 
3-  1.0;  4 -2.0;  5 -3.0  kg/m2. 


Fig.  3.  Calculated  general  error  of  remote  sensing 
estimation  of  water  content  In  1  m  layer. 


-  0.004  [g/cm3]/[K].  Real  calibration  errors,  using  relative 
calibration  method  on  2  repers  (for  example  water  and  dry 
land  or  heavy  forest),  are  about  1  -  2  K.  In  that  case  this 
component  of  RSWCE  is  equal  to  0.006  -  0.008  g/cm3.  The 
relative  error  for  1  m  layer  is  about  1.2%. 

As  a  result  general  calculated  accuracy  of  method 
is  about  dW  -  0.1  g/cm3  for  upper  layer  and  about 
dWC/WC  ~  15  %  for  1  m  layer. 

Real  variations  of  soil  constants  and  vegetation 
biomass  are  really  lower,  then  values,  used  for  calculations. 
In  that  case  the  calculated  mean  value  of  RSWCE  does  not 
exceed  7  -  8  %  (Fig.  3.). 

EXPERIMENTS. 

Experiments  were  conducted  in  different  regions  of 
former  USSR  and  include  measurements  on  the  test  sites, 
which  were  characterized  by  different  soil  types,  vegetation 
biomass  and  water  content  variations.  Brief  characteristics  o 
f  used  equipment  are  given  in  Table  1.  All  radiometers  were 
nadir  looking  and  were  installed  on  the  boards  of  light 
airplanes  and  helicopters.  The  flight  high  along  the  test  sites 
was  about  100  m.  Each  test  trace  was  about  2  km  long  and 
includes  a  number  of  test  regions  for  about  200  m  distance 
from  one  to  another.  The  scheme  of  test  region  is  given  on 
Fig.  4. 


1  2  3  4 
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Fig. 4.  The  scheme  of  test  points  location. 
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In  each  point  there  contact  data  were  obtained 
from  the  surface  and  from  6  levels  up  to  lin  depth. 

The  ranges  of  main  parameters  variations  are  given 
in  Table  2. 


Table  1. 


Wavelength,  cm 

2.25,  6,21,27 

Sensitivity,  K 

0.1 

Spatial  resolution,  m 

70 

Table  2. 


Biomass, 

kg/m2 

Bulk  density, 
g/cm3 

Wilting 
point,  % 

Field 

capacity,% 

Water 

content,% 

0-5.72 

1.12-1.74 

0.48- 

11  -18 

5  -20 

Results  of  comparison  between  remote  sensing  and 
contact  data  are  presented  on  Fig.5  and  Fig.  6. 


Fig.  5.  The  results  of  comparison  between  remote  sensing 
and  contact  estimations  of  surface  soil  moisture.  1  - 
difference  between  mean  values  in  0  -  30  cm  layer;  2  - 
natural  dispersion  of  contact  data  in  0  -  2  cm  layer;  3  -  the 
same  as  2  for  0  -  10  cm;  4  -  the  same  as  2  for  0  -  30  cm. 

CONCLUSION 

The  results  of  modeling  and  experiments  show, 
that:  -  natural  variations  of  soil  parameters  leads  to 

decreasing  of  remote  sensing  method  accuracy  not  more, 
then  3  -  5  %; 

-  artificial  changing  of  ground  surface  (soil 
processing)  may  corresponds  to  larger  values  (2-3  times)  of 
errors,  if  mentioned  problem  will  be  not  taking  into  account 
during  processing.  Form  of  this  procedure  is  ver>'  simple  and 
it’s  possible  to  use  visual  information  of  remote  sensing 
data,  obtained  in  the  other  waveranges;  -  mean  values  of 
vegetation  biomass  can  be  used  for  determination  of  general 
water  content  in  I  m  layer,  but  for  determination  of  surface 
soil  moisture  it’s  necessary  to  use  more  detailed  data; 


WC,  mill 


Fig  6.  The  example  of  comparison  between  remote 
sensing  (1)  and  contact  (2)  data  of  general  water  content 
in  1  m  layer  along  the  test  line  in  Belorussia  region. 

-  accuracy  of  passive  microwave  remote  sensing 
method  is  about  0.05  -  0.07  g/cm^  in  dependence  of 
vegetation  biomass  variations; 

-  in  numerous  cases  natural  soil  moisture  variations 
in  each  remote  sensing  pixel  are  larger,  then  mean  value  of 
passive  microwave  remote  sensing  method  accuracy. 
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Abstract  -  Remote  sensing  of  different  soils  is  made 
significantly  easier  if  their  dielectric  characteristics  are 
known  [1,3]-  One  of  the  ways  to  determine  this  dielectric 
is  to  conduct  laboratory  studies  to  estimate  the  individual 
contribution  of  each  factor  responsible  for  it  into  the 
radio  thermal  emission  of  soils.  The  measurements  of  the 
permittivity  of  soils  have  shown  that  the  variation  of 
permittivity  with  moisture  content  depends  on  soils 
solinity.  The  moisture  value  at  transition  region  was 
found  to  be  higher  for  high  solinity  soils  then  for  pure 
soils  [4].  Pure  sands  and  soils  were  studied.  Measurements 
of  permittivity  samples  were  made  in  a  waveguide  at  differ 
of  frequencies  in  microwave  range.  The  distilled  water  and 
the  solution  of  salts  were  used  for  moisting  of  soil 
samples. 

INTRODUCTION 

The  measurements  of  pure  sand  permittivity  and  different 
soils  samples  have  been  carried  out  at  7.6  and  18  GHz. 
The  measurements  of  permittivity  samples  were  made  by 
the  waveguide  method.  The  temperature  of  specimen  was 
near  200C  .  The  soil  samples  were  of  different  textures. 
The  moisture  range  was  changed  from  40  %  to  1%.  The 
distilled  water  and  the  solutions  of  CaCh  (  concentration 
is  1.2  %  )  and  KCl  (concentrations  are  1%,2  %  and  3%) 
were  used  for  moisting  of  soil  samples.  The  density  of 
soils  samples  with  the  same  texture  were  identical.  The 
permittivity  soils  samples  as  the  function  of  moisture 
content  were  studied. 

THE  EXPERIMENTAL  RESULTS 

The  measurements  of  permittivity  of  sand  were  made  for 
different  moisture  contents.  The  distilled  water  and  the 
solution  of  CaCh  (  concentration  is  1.2  %  )  were  used  for 
moisting  of  soil  samples.  The  real  part  of  the  dielectric 
constant  £  for  sand  as  the  function  of  volumetric 
moisture  content  w  at  a  wavelength  of  1 .63  cm  is 
presented  in  Fig.LThe  studies  of  dependencies  of  sand 
real  part  permittivity  from  moisture  content  b  =f(w)  have 
shown  that  permittivity  of  salin  samples  is  smaller  (for 
example  see  experimental  result  2  on  fig.l).  The 
experimental  result  approaches  well  to  linear 
dependencies  because  sand  practucally  has  no  bound 
water.  As  it  is  known,  permittivity  of  saline  solutions 
0-7803-3068-4/96$5.00©1996  IEEE 


Fig.  I  The  real  part  of  the  dielectric  constant  for 
sand  as  function  of  volumetric  moisture 
content  at  a  wavelength  of  1 .63  cm. 

1- sand  was  moistened  by  a  distiling  water, 

2-  sand  was  moistened  by  the  solution  of 
CaCh  (1,2%  concentration). 


W,% 


Fig.2  The  real  part  of  the  dielectric  constant  for 
soil  samples  with  code  2.4  as  function  of 
weight  moisture  content  at  a  7,6  GHz  . 

1-  sample  was  moistened  by  a  distiling 
water,2-  sample  was  moistened  by  the 
solution  of  KCl  (concentration  is  1%), 

3  -  concentration  is  2%,  4  -  concentration 
is  3%  . 
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Fig. 3  The  real  part  of  the  dielectric  constant 
for  soil  samples  with  code  4  as  function 
of  weight  moisture  content  at  a7,6  GHz. 
I-  sample  was  moistened  by  adistiling 
water, 2-  sample  was  moistened  by  the 
solution  of  KCl  (concentration  isT/o ), 

3  -  concentration  is  2%. 


0  10  20  30  40 
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Fig. 4  The  real  part  of  the  dielectric 
constant  for  soil  samples  with  code  5  as 
function  of  weight  moisture  content  at  a 
7,6  GHz  .1-  sample  was  moistened  by  the 
solution  of  KCl  (concentration  is  1%), 

2  -  concentration  is  2%,  3  -  concentration 
is  3%  . 

is  smaller  than  of  distilled  water  therefore  permittivity 
of  soils  is  smaller  too.  The  real  part  of  permittivity  of 
real  soils  as  the  function  of  weigh  moisture  is  presented 
on  fig. 2,3  and  4.  This  measurements  of  permittivity  have 
been  carried  out  at  7.6  GHz  (wavelength  is  4  cm).  The 
measurements  showed  decreasing  permittivity  of  soils  if 
samples  were  moistened  with  a  solution  of  salt.  The 
obtained  experimental  dependencies  s  (w)  aren't  lineary  . 
The  value  of  transition  moisture  increases  with  the 
increasing  of  the  level  of  salinity.  On  fig. 5  the  increase  of 
transition  moisture  with  increasing  of  soils  salinity  is 
shown. 

The  salt  in  soils  increases  the  quantity  of  bound  water. 


ur.vs 


Fig.5  Move  transition  moisture  with 
increasing  of  soils  salinity  ( for  example 
sample  with  code  4)  after  moisting  by  the 
solution  of  KCl  at  7,6  GHz, 

1  -  sample  was  moistened  by  a  distiling 
water, 2-  sample  was  moistened  by  the 
solution  of  KCl  (concentration  1%), 

3  -  concentration  is  2%. 


We  consider  this  fact  to  be  important  for  modeling  dielec¬ 
tric  properties  of  saline  soils  [2]. 

SUMMARY 

This  paper  presents  laboratory  studies  of  permittivity 
of  sand  and  real  soils  dependence  on  moisture  and 
salinity.  The  soils  samples  were  moistened  with  two  salt 
solutions  of  different  concentrations.The  obtained  results 
showed  real  possibility  of  determining  level  salinity  of 
soils  and  transition  moisture  value  at  frequency  <18  GH. 
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Abstract  --  The  skin  temperature  of  the  ocean  can  be 
significantly  modulated  by  the  presence  of  swell  waves. 
Experiments  show  that  the  magnitude  of  the  modulation  can 
be  on  the  order  of  the  bulk-skin  temperature  difference  and 
that  the  phase  is  determined  by  the  direction  of  the  wind 
relative  to  the  swell.  A  new  model  incorporating  small-scale 
wave  breaking,  hydrodynamic  modulation,  and  surface  renewal 
theory  is  developed  to  simulate  the  modulation  of  the  skin 
temperature.  Comparisons  with  observations  show  that  the 
model  can  accurately  predict  the  mean  skin  temperature  and 
both  the  amplitude  and  phase  of  the  modulation. 

INTRODUCTION 

The  existence  of  the  bulk-skin  temperature  difference  AT 
across  the  ocean  thermal  boundary  layer  (see  reviews  [1]  and 
[2])  is  important  because  of  its  effect  on  satellite-based 
measurements  of  sea  surface  temperature  and  relevance  to  air- 
sea  exchange  processes  including  heat  and  gas  flux.  Much 
time  and  effort  has  gone  into  attempting  to  model  the 
behavior  of  AT  (see  [3]  for  a  current  summary  of  approaches). 
Recent  results  [4]  showed  that  there  is  significant  modulation 
of  the  ocean  skin  temperature  (up  to  the  order  of  AT)  by  swell 
waves  and  that  the  modulation  is  strongly  affected  by  the 
direction  of  the  wind  relative  to  the  swell.  The  results 
suggested  that  the  combined  effect  and  interaction  of  wind  and 
waves  may  need  to  be  considered  in  future  modeling  efforts. 
This  work  presents  a  model  developed  to  simulate  the 
observed  modulation  of  the  ocean  skin  temperature  by  swell. 
In  the  future,  such  results  might  be  incorporated  into  more 
detailed  and  accurate  models  of  AT. 

We  first  summarize  our  experimental  procedures  and 
findings  most  significant  to  our  modeling  efforts.  We  then 
describe  our  new  model  for  the  observed  temperature 
modulation  and  compare  the  predictions  with  our  direct 
observations.  The  results  suggest  that  small-scale  wave 
breaking  may  have  a  dominant  effect  on  the  modulation  of 
skin  temperature  and  average  values  of  AT. 

EXPERIMENTAL  OBSERVATIONS 

We  conducted  two  experiments  aboard  R/P  Flip  to  measure 
the  sea  surface  temperature  and  surface  displacement.  The 
first  was  in  January  1992  in  the  deep  ocean  off  southern 
California  and  the  second  was  in  September  1995 
approximately  12  miles  off  the  Oregon  coast.  The  ocean  skin 
temperature  measurements  were  made  with  Heimann  KT19 
and  Barnes  PRT-5  infrared  radiometers.  The  surface 
displacement  was  measured  with  wave  gauges,  radar 
altimeters,  and  laser  altimeters.  Spectral  analysis  was 
performed  on  the  skin  temperature  and  wave  height  time 
0-7803-3068-4/96$5.00©1996  IEEE 


series  to  compute  their  coherence  and  the  linear  transfer 
function  for  the  modulation  of  the  skin  temperature  by  the 
surface  displacement.  The  key  quantities  for  this  work  are  the 
phase  and  amplitude  of  the  transfer  function.  The  phase 
indicates  the  location  of  the  temperature  maximum  relative  to 
the  wave  crest.  We  allowed  -180°  <  <  180°  where  'F  >  0 

on  the  forward  face  of  the  swell  crest  and  'P  <  0  on  the  rear 
face.  The  magnitude  of  the  transfer  function  gives  an 
estimate  of  the  peak-to-peak  temperature  modulation  at  a 
given  frequency.  Full  details  of  these  calculations  are  given 
by  Jessup  and  Hesany  [4]. 

While  the  complete  experimental  results  are  described  in 
[4],  the  main  findings  are  illustrated  in  Fig.  1.  The  figure 
shows  a  one  day  time  series  from  the  first  experiment  of  the 
squared  coherence  the  peak-to-peak  temperature 

modulation  Tq,  and  'F  along  with  the  wind  speed  at  25  m  U25 
and  the  angle  between  the  wind  and  the  swell  direction  ^^w- 
Note  first  that  the  values  of  Tq  range  between  0.1  and  0.3  K 
which  is  on  the  same  order  as  AT  which  ranges  between  0.1 
and  0.6  K.  The  squared  coherence  and  peak-to-peak 

modulation  both  tend  to  follow  the  wind  speed.  When  the 
wind  and  swell  are  coming  from  the  same  direction  ((|)5h,  near 
0°)  the  phase  is  around  90°,  which  corresponds  to  the  forward 
face  of  the  swell  crest  on  the  downwind  side.  When  the  wind 
reverses  and  is  opposite  to  the  swell  (^sw  tiear  180°), 

however,  the  phase  changes  to  near  -90°.  Though  the 

dependence  of  Tq  and  on  wind  speed  was  not  always  as 
strong,  the  fact  that  the  phase  is  near  90°  when  the  wind  and 
swell  are  aligned  and  near  -90°  when  they  are  opposite 
persisted  throughout  the  experiment. 

Jessup  and  Hesany  [4]  discussed  the  possible  mechanisms 
which  could  explain  the  observed  skin  temperature 

modulation  associated  with  surface  waves.  They  found  that 
disruption  of  the  skin  layer  by  small-scale  breaking  due  to 
shortwave/longwave  interaction  is  consistent  with  the 
findings  that  the  magnitude  of  the  modulation  is  comparable 
to  AT  and  that  the  phase  is  positive  when  the  wind  and  swell 
are  aligned.  They  also  presented  evidence  suggesting  that  the 
phase  of  this  hydrodynamic  modulation  can  change  from  the 
front  to  rear  face  when  the  wind  reverses.  We  now  present  a 
model  which  implements  this  mechanism  and  compare  the 
predictions  with  the  experimental  observations. 

NUMERICAL  SIMULATIONS 

Our  model  for  the  modulation  of  the  ocean  skin 
temperature  by  swell  waves  includes  the  effects  of  small-scale 
wave  breaking  as  well  as  the  modulation  of  the  wind  stress 
and  heat  flux  over  the  wave  form.  Soloviev  and  Schliissel  [5] 
indirectly  included  the  effects  of  wave  breaking  in  a  surface 
renewal  model  of  AT  by  associating  the  time  scale  of  renewal 
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Observed  Skin  Temperature  Modulation 
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Figure  1.  Time  series  of  (a)  peak-to-peak  modulation  and 
squared  coherence  'f,  (b)  wind  speed  U25,  (c)  angle  between  wind 
and  swell  direction  and  (d)  phase  of  transfer  function  'F.  The 
squared  coherence  and  magnitude  closely  follow  the  wind  speed  i  n 
the  early  morning  hours,  while  the  phase  responds  directly  to 
wind  direction  relative  to  the  swell. 


events  with  wave  phenomenon.  Here  we  directly  simulate 
breaking  events  at  preferential  points  along  the  wave  form  and 
model  the  time  evolution  of  AT  and  the  skin  temperature 
between  these  events.  Assuming  the  temperature  across  the 
skin  layer  is  governed  by  molecular  diffusion,  we  follow  [5] 
and  take  the  value  of  AT  at  t  seconds  after  a  breaking  or 
renewal  event  to  be  given  by 

AT{t)  =  2K-'^^{tlKy''^qo  (1) 

where  qQ  =  Q/pc^,  Q  is  the  net  heat  flux  (positive  out  of  the 
ocean),  p  is  the  water  density,  is  the  specific  heat  of  water 
at  constant  pressure,  and  k  is  the  thermal  diffusivity  of  water. 
The  net  heat  flux  was  computed  from  available 
meteorological  quantities  using  standard  bulk  formulations. 
Variations  of  the  net  heat  flux  with  the  wave  phase  were 
modeled  by  taking  the  value  of  the  wind  speed  used  in  the 
calculation  of  the  heat  flux  to  be  modulated  by  the  orbital 
velocity  of  the  swell  waves. 

The  remaining  task  is  to  determine  when  and  where  along 
the  wave  form  disruption  of  the  skin  layer  occurs.  We 
assume  that  the  skin  layer  remains  intact  and  continues  to 
cool  until  either  a  small-scale  breaking  event  occurs  or  the 


surface  is  renewed  through  a  convectively  driven  burst  of  fluid 
from  below.  Including  the  convective  events  provides  for  a 
limiting  mean  background  AT  in  the  absence  of  any  wave 
breaking. 

Following  [5],  we  take  the  mean  time  between  convective 
events  to  be  proportional  to  (v/aggoY^^  where  v  is  the 
kinematic  viscosity  of  water,  a  is  the  coefficient  of  thermal 
expansion  of  water,  and  g  is  acceleration  due  to  gravity  and 
assume  that  the  time  between  bursts  follows  a  log-normal 
distribution.  We  determined  the  constant  of  proportionality 
by  finding  the  mean  time  between  bursts  required  to  reproduce 
the  mean  AT  observed  during  the  lowest  wind  speed  period  of 
the  1992  experiment. 

To  simulate  the  location  of  small-scale  breaking  along  the 
wave  form  we  assume  that  the  small-scale  breaking  is  most 
likely  to  occur  where  there  is  the  maximum  hydrodynamic 
modulation  of  small  waves  by  the  larger  swell.  We  generated 
a  probability  density  function  for  the  location  of  small-scale 
breaking  to  match  the  distribution  of  the  hydrodynamic 
modulation.  The  distribution  of  hydrodynamic  modulation 
was  based  on  the  model  of  Thompson  and  Gotwols  [6].  An 
illustration  of  the  modeled  distribution  of  small-scale 
breaking  along  with  the  assumed  wave  form  is  shown  in  Fig. 
2.  The  distribution  suggests  that  small-scale  breaking  will 
most  likely  occur  around  a  phase  of  90°.  The  degree  of 
enhancement  occurring  on  the  forward  face  was  chosen  to 
simulate  the  modulation  of  short,  wind-generated  gravity 
waves  by  swell  waves.  Alternative  formulations  for  the 
hydrodynamic  modulation  can  be  easily  substituted  into  our 
simulation. 

To  determine  if  there  is  small-scale  breaking,  we  assume  a 
probability  that  small-scale  breaking  occurs  at  some  point 
along  one  wavelength  of  the  swell  wave.  We  select  the 
probability  so  that  the  modeled  average  AT  over  several 
wavelengths  matches  the  observed  average  AT.  A  0.6 
probability  of  small-scale  breaking  is  required  to  predict  the 
mean  AT  for  the  test  period  described  below.  A  high  fraction 
of  small-scale  breaking  is  not  unreasonable  considering  this 
period  corresponded  to  the  peak  observed  coherence  between 
the  skin  temperature  and  wave  height.  The  probability  is 
currently  independent  of  the  modeled  hydrodynamic 


Figure  2.  Schematic  representation  of  the  magnitude  and  location 
of  the  modeled  distribution  of  small-scale  breaking  along  the 
swell  wave.  The  peak  enhancement  occurs  on  the  front  face  of  the 
wave. 
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modulation.  In  the  future  we  hope  to  relate  this  probability 
to  the  fractional  area  of  breaking  observed  with  infrared 
imager  data. 

We  independently  simulate  the  evolution  of  A  7  for  100 
different  water  parcels  to  get  a  better  statistical  sampling  and 
allow  for  the  fact  that  a  radiometer  views  a  large  number  of 
water  parcels.  Using  the  probability  distributions  for 
convective  renewal  and  small-scale  breaking  described  above, 
we  simulate  the  location  of  skin  layer  disruption  for  each 
parcel.  We  then  step  through  time  computing  AT  from  (1) 
for  each  parcel  and  take  the  average  of  all  these  values  as  our 
simulated  AT,  The  skin  temperature  is  computed  from  the 
simulated  AT  and  measured  bulk  temperature. 

We  tested  the  simulation  for  a  60-second  period  from  the 
first  experiment  occurring  near  04:55  PST  on  January  26, 
1992  (see  Fig,  1).  The  average  wind  speed,  net  heat  flux  and 
AT  during  this  period  were  6.0  m  s■^  107  W  m'^,  and  0.26  K 
respectively.  The  wind  and  swell  were  aligned.  The  resulting 
simulated  time  series  of  skin  temperature  and  wave  height  for 
the  60-second  test  period  are  shown  with  the  observed  values 
in  Fig.  3.  The  observed  swell  waves  vary  in  amplitude 
between  0.5  and  1.5  m.  To  simplify  the  simulation,  we 
assumed  the  wave  height  to  be  given  by  a  sinusoidal  wave 
with  an  amplitude  of  1.5  m.  The  simulated  temperature 
fluctuations  should,  therefore,  be  compared  with  the  three 
wavelengths  where  the  actual  amplitude  was  approximately 
1.5  m.  The  simulated  peak-to-peak  modulation  of  about 
0.08  K  closely  match  the  observ^  temperature  fluctuations. 
The  variability  in  the  amplitude  of  our  simulated  temperature 
fluctuations  shows  the  randomness  inherent  in  our  simulation 
procedure.  The  predicted  phase  of  the  modulation  also  closely 
matches  the  observations. 

CONCLUSIONS 

Experimental  findings  suggest  that  disruption  of  the  skin 
layer  by  small-scale  breaking  due  to  shortwave/longwave 
interaction  could  explain  observed  modulation  of  the  ocean 
skin  temperature  by  swell  waves.  To  further  test  this 
hypothesis,  a  model  of  the  ocean  skin  temperature 
incorporating  small-scale  breaking  was  developed  and  its 
predictions  were  compared  with  observations.  By  linking  the 
location  of  small-scale  breaking  to  regions  of  enhanced 
hydrodynamic  modulation  and  taking  the  time  evolution  of 
the  skin  temperature  to  be  governed  by  molecular  diffusion, 
the  model  accurately  predicted  the  mean  skin  temperature  and 
the  amplitude  and  phase  of  the  temperature  modulation.  The 
results  provide  additional  evidence  that  the  mechanism  of 
small-scale  breaking  may  dominate  the  modulation  of  the 
ocean  skin  temperature  by  swell  waves. 
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Figure  3.  Observed  (a)  and  simulated  (b)  skin  temperature 
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Abstract  -  We  describe  a  scanning-laser  glint  sensor  that  we 
have  developed  for  field  measurements  of  ocean  slope  statistics. 
In  this  method  a  narrow  laser  beam  is  scanned  in  a  line  and 
incidences  of  specularly  backscattered  light  (glints)  are  counted 
and  binned  according  to  their  slope  angle.  Slope  probability 
density  functions  are  calculated  as  normalized  glint  histograms. 
We  report  field  measurements  that  show  generally  good 
agreement  with  previous  results.  The  most  significant 
difference  we  find  is  an  enhancement  of  mean  square  slope 
during  periods  of  negative  air-sea  temperature  difference. 

INTRODUCTION 

Ocean  ripples,  or  short  wind  waves,  are  the  primary 
contributor  to  sea-surface  slope.  As  such,  they  are  of  great 
importance  in  a  variety  of  remote  sensing  measurements. 
Examples  of  measurements  that  require  knowledge  of  ocean 
ripple  statistics  include  active  and  passive  microwave  wind 
sensing  [1-3],  radiometric  sea-surface  temperature  sensing  [4], 
ocean  color  imagery  [5],  and  laser  backscatter  analysis  [6,7]. 

Very  few  field  measurements  of  ripple  statistics  have  been 
reported.  The  first  significant  field  measurements  were  by  Cox 
and  Munk  [8],  who  used  photometric  sun-glitter  images  to 
derive  sea-surface  slope  statistics  over  a  wind  speed  range  of  1- 
14  m/s.  In  terms  of  completeness  and  simplicity  of  use,  the  Cox 
and  Munk  results  still  represent  the  standard  model.  However, 
their  method  required  tedious  data  processing. 

No  other  field  measurements  were  reported  until  after  interest 
was  renewed  by  the  the  arrival  of  spaceborne  scatterometers. 
Field  measurements  since  1977  [9-12]  have  been  made  mostly 
with  refractive  laser  slope  gauges  that  employ  immersed  lasers 
to  determine  slopes  from  the  refraction  of  light  as  it  passes 
through  the  water-air  interface.  Though  these  instruments  work 
well,  they  require  optics  immersed  in  sea  water,  and  they  are 
limited  in  angular  range  fundamentally  by  total  internal 
reflection  and  practically  by  the  size  of  the  receiving  optics. 
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In  this  paper  we  describe  a  new  reflective  scanning-laser  glint 
sensor  that  counts  glints,  or  occurrences  of  specular  backscatter, 
as  a  narrow  laser  beam  is  scanned  over  a  wide  angular  range  of 
the  ocean  surface.  The  instrument  is  conceptually  simple, 
requires  no  immersed  optics,  and  has  the  potential  of  measuring 
very  large  slopes  with  a  small  amount  of  data  processing.  We 
first  describe  the  instrument  and  technique,  then  present  slope 
measurements  taken  in  the  Pacific  Ocean  near  the  Oregon  coast. 

INSTRUMENT  DESCRIPTION 

The  primary  features  of  our  reflective  scanning-laser  glint 
sensor  are  summarized  in  Table  1.  A  10-mW  HeNe  laser  is 
directed  via  two  plane  mirrors  to  the  ocean  surface.  The 
primary  scan  mirror  is  mounted  on  the  shaft  of  a  dc  motor,  and 
rotates  at  a  nominal  rate  of  2  revolutions  per  second,  creating  a 
linear  scan  across  the  ocean  surface.  A  glint  is  counted  in  an 
angular  bin  when  the  backscattered  power  exceeds  a  threshold 
value  chosen  to  be  just  above  the  receiver  noise  floor.  The 
receiver  signal  is  sampled  at  0.1°  intervals  over  a  150°  range 
centered  on  nadir.  An  intermediate  mirror  is  mounted  on  the 
shaft  of  a  stepper  motor  to  rotate  in  an  axis  orthogonal  to  the 
primary  scan  axis.  The  purpose  of  this  mirror  is  to  compensate 
for  cross-scan  sensor  motion  detected  by  an  inclinometer. 
Sensor  motion  in  the  scan  axis  is  compensated  for  by  shifting 
the  angular  bin  into  which  glints  are  counted. 

Reflective  markers  (1  °  angular  extent)  near  the  beginning  and 
end  of  the  scan  facilitate  angular  calibration  to  account  for 
motor  speed  variations  (<  5%)  from  scan  to  scan.  Motor  speed 
variations  during  a  single  scan  produce  errors  that  are  smaller 
than  the  final  1  °  resolution  of  our  glint  histograms. 

A  computer-controlled  stepper  motor  allows  remote  steering 
of  the  optics  module  to  a  desired  azimuth.  To  measure  two- 
dimensional  slope  probability  density  functions,  we  alternate 
scan  periods  between  along-  and  cross-wind  azimuths.  The 
receiver  amplifier  gain  is  also  computer  controlled,  allowing  the 
user  to  operate  the  instrument  from  a  protected  location  while 
the  instrument  is  deployed  on  a  boom  above  the  sea  surface. 
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Table  1.  Characteristics  of  the  scanning-laser  glint  sensor 


laser  power,  wavelength 

10  mW,  632.8  nm 

laser  far-field  divergence 

1.18  mrad 

optical  filter  bandwidth 

10  nm 

detector 

UDT  455  photodiode 

detector  NEP@  IkHz 
receiver  bandwidth 

8x10*’  W 

receiver  field  of  view 

25.4  mrad 

receiver  lens 

F/4  singlet,  100-mm  focus 

scan-mirror  rotation  rate 

2  rev/sec,  adjustable 

scan  range 

nadir  ±75° 

glint  sample  rate 

10  samples/degree 

OCEAN  SLOPE  MEASUREMENTS 

The  first  field  deployment  of  our  system  was  during  the 
Coastal  Ocean  Probing  Experiment  (COPE)  near  the  Oregon 
coast  during  September  1995.  The  sensor  was  suspended  from 
a  boom  on  the  Floating  Instrument  Platform  (FLIP)  operated  by 
the  Scripps  Institution  of  Oceanography.  The  FLIP  was  moored 
20  km  from  the  Oregon  coast,  west  of  Tillamook  at  45°  45.22' 
N  latitude,  124°  16.9’  W  Longitude,  in  150  m  of  water.  All  of 
our  measurements  were  taken  with  winds  blowing  from  the  open 
sea,  and  are  thus  unaffected  by  the  FLIP  itself.  The  height  of 
the  optics  module  was  approximately  6  m  above  the  surface. 

Figure  1  is  a  typical  along-wind  slope  probability  density 
function  for  a  20-minute  averaging  time  (solid  line),  shown  with 
a  best-fit  Gaussian  (dashed  line).  These  results  are  consistent 
with  the  Cox  and  Munk  results  [8]  in  that  the  shape  is  nearly 
Gaussian,  but  skewed  toward  leeward  slopes  for  the  along-wind 
case  due  to  wave  asymmetry.  The  cross-wind  peaks  show  no 
significant  skewness. 

Figure  2  shows  measured  along-wind  mean  square  slopes  as 
a  function  of  Uio,  the  anemometer  wind  speed  at  a  1 0-m  height. 
The  crosses  correspond  to  near-neutral  stability  and  the  dots 
correspond  to  negative  stability  (air-sea  temperature  difference 
between  -0.3  and  -1  °C).  The  dotted  line  is  the  linear  regression 
for  the  Cox  and  Munk  data,  which  were  measured  under 
conditions  of  neutral  and  positive  stability.  In  our  range  of 
negative  stability  the  mean  square  slope  is  increased  by  up  to  a 
factor  of  2  over  the  Cox  and  Munk  regression.  This  agrees  with 


Figure  1.  Along-wind  slope  probability  density  function. 


Figure  2.  Sea  surface  along-wind  mean  square  slope  vs.  wind 
speed.  Dots  are  measurements  with  negative  stability,  crosses 
are  measurements  with  near-neutral  stability.  The  solid  line  is 
a  linear  regression  for  our  negative-stability  data,  and  the  dotted 
line  is  the  Cox  and  Munk  along-wind  regression  (their  data  had 
near-neutral  and  positive  stability  ). 
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predictions  of  ripple  enhancement  by  negative  stability  and  is 
similar  to  measurements  of  ripple  suppression  by  positive 
stability  [12,13].  We  are  preparing  a  more  detailed  publication 
showing  the  effects  of  negative  stability  on  slope  statistics  [14]. 

CONCLUSIONS 

We  have  described  a  new  reflective  scanningdaser  glint 
sensor  for  measuring  sea-surface  slope  statistics.  This  system 
can  measure  slopes  over  a  large  range,  while  being  relatively 
simple  to  construct  and  operate.  Deployment  of  this  instrument 
in  the  Pacific  Ocean  produced  results  that  agree  well  with 
previous  studies.  These  data  are  the  first  published  field 
measurements  from  the  open  ocean  of  mean  square  slopes  that 
are  enhanced  significantly  by  conditions  of  negative  stability. 
This  instrument  will  be  useful  in  further  studies  of  ocean  ripples, 
including  swell  and  internal  wave  modulation  of  slope  statistics 
and  other  related  topics. 
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Abstract  -  The  original  optical  sensors  for  re¬ 
mote  sensing  of  surface  waves  in  wide  wave¬ 
length  range  in  real  time  for  natural  (from  ship 
or  sea  platform)  or  laboratory  conditions  are 
described.  In  the  frame  of  twoscale  approach 
of  surface  waves  the  theory  of  space- time  spec¬ 
tral  analysis  of  optical  image  of  short  waves  is 
considered.  It  is  shown  that  the  dispersion  of 
frequency  fluctuations  depends  not  only  on  the 
orbital  velocity  of  the  long  wave  but  also  on  its 
height.  The  method  for  determination  of  long 
surface  wave  intensity  is  proposed. 

The  investigation  of  space-time  structure  of 
sea  surface  waves  is  important  for  better  un¬ 
derstanding  of  a  variety  of  the  ocean  and  at¬ 
mosphere  processes.  It  is  typically  difficult  to 
carry  out  such  investigations  with  point  sen¬ 
sors  such  as  wire  probes  or  laser  gauges  of  wave 
slopes.  The  optical  methods  based  on  the  spec¬ 
tral  analysis  of  surface  wave  image  and  radar 
methods  are  most  suitable  for  such  measure¬ 
ments  of  space-time  characteristics  of  surface 
waves.  The  optical  methods  are  easily  adopted 
for  various  wavelengths  from  millimeters  to  tens 
of  meters.  This  methods  are  used  for  definite 
illumination  of  water  surface:  under  field  con¬ 
ditions  the  illumination  in  clear  sky  or  homohe- 
neous  cloudy  conditions,  under  laboratory  con¬ 
ditions  the  gradient  spreading  light  source  is 
used. 

In  experiments  devoted  to  the  investigation 
of  two-dimensional  space  spectra  of  wave  slopes 
[1],  the  light  source  was  placed  under  water  sur¬ 
face  at  the  bottom  of  the  water  tank  .  The 
surface-wave  image  was  recorded  by  a  nadir¬ 
looking  CCD-camera  with  a  small  time  of  ex¬ 
posure.  At  the  same  time,  no  studies  have 
been  performed  on  the  space-time  character¬ 
istics  of  short  surface  waves  by  means  of  the 
optical  methods,  including  the  one  mentioned 


above.  Apparently,  this  is  because  of  difficul¬ 
ties  in  measuring  high-frequency  spectra  of  rip¬ 
ples  due  to  limitations  imposed  by  the  repeti¬ 
tion  rate  of  a  CCD-camera. 

In  lAP  RAS  it  was  developed  some  kinds  of 
noncoherent  optical  devices  for  space-time  anal¬ 
ysis  of  surface  wave  images  at  wavelengths  from 
few  meters  to  few  millimeters  in  real  time  [2,3]  . 
These  optical  devices  can  be  divided  into  groups 
aimed  at  the  following  real-time  recordings: 

•  of  2D- space  spectra  of  the  surface  wave 
slopes.  For  example,  the  spectra  at  wave¬ 
lengths  from  about  7  cm  to  1.5  m  were 
recorded  from  a  ship  or  a  sea  platform  [4]; 

•  of  space-time  spectra  of  sea  waves  as  a  func¬ 
tion  of  the  frequency  for  several  wave  num¬ 
bers  [2]; 

•  of  range-time-intensity  (RTI)  optical  im¬ 
ages  of  surface  waves  for  wavelengths  from 
2m  and  more  constructed  from  optical  sec¬ 
tions  of  sea  surface  like  a  side-looking  radar 
images. 

These  RTI  optical  images  permit  to  deter¬ 
mine  the  kinematic  and  spectral  characteris¬ 
tics  of  long  sea  waves  [5].  These  devices  have 
high  sensitivity,  large  dynamical  and  frequency 
range  and  can  be  used  under  laboratory  and 
field  conditions.  The  PC  software  was  devel¬ 
oped  for  recording  data  supplied  by  these  de¬ 
vices  on  a  hard  disk  and  for  imaging  these  data 
on  TV  monitor  in  real  time.  Some  of  this  de¬ 
vices  was  used  in  the  joint  US-Russia  experi¬ 
ment  JUSREX-92,  devoted  to  the  investigation 
of  effect  of  internal  waves  on  sea  waves  [4,5]. 
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Consider  the  space-time  spectra  of  surface 
wave  image  using  the  twoscale  approach  for  sur¬ 
face  waves.  The  analyzed  short  wave  train  is 
supposed  to  be  on  the  large  surface  wave  with 
more  greater  wavelength.  The  position  y  of  im¬ 
age  of  short  wave  train  from  the  optical  axis  in 
the  focal  plane  of  lens  will  be  [6]: 

y  ~  Fl{cos^ ptgP  +  Ycos^(5/{H  —  a))  -  FtgP, 

where  /?  -  angle  of  observation,  F  -  focal  distance 
of  lens,  H  -  height  of  lens  above  sea  level,  Y  - 
horizontal  distance  of  short  wave  train  from  the 
lens,  a  -  elevation  of  long  wave  in  the  place  of 
location  of  short  wave  train.  The  instantaneous 
frequency  of  spectra  of  short  waves  that  mea¬ 
sured  by  the  noncocherent  spectrumanalyzer 
for  H  »  a  will  be: 

/.=  —{dY/dt  -h  {da/di)/tgP)/X, 

where  A  is  the  short  wave  length. 

The  mean  frequency  of  space-time  spectra  of 
surface  waves  depends  on  the  phase  velocity  of 
short  waves,  the  velocity  of  a  surface  current 
and  surface  wave  drift.  For  example,  on  Fig.l  it 
is  presented  the  measurements  of  wind  drift  ve¬ 
locity  V  of  surface  waves  for  various  wind  speed 
W.  The  wavelength  of  analyzed  surface  waves  is 
pointed  on  the  Figure.  The  observation  direc¬ 
tion  was  directed  up-wind.  The  dashed  curve  is 
the  experimental  measurements  from  paper  [7]. 


W.  m/s 


Fig.l.  The  wind  drift  velocity 
The  dispersion  of  frequency  fluctuations 
a‘j  will  be  determined  by  the  expression: 


where,  is  the  horizontal  orbital  velocity  of  a 

long  wave,  j  is  the  unit  horizontal  vector  in  the 
observation  direction.  The  contribution  of  the 
orbital  velocity  or  of  the  long  wave  elevation  to 
the  space-time  spectra  of  short  waves  depends 
on  the  observation  angle.  For  the  simple  model 
of  a  harmonic  long  surface  wave,  the  expression 
for  will  be: 


2  _  ^1^0 


<j\  is  the  dispersion  of  long  wave  elevations,  Wq 

and  ko  are  the  frequency  and  the  wave  vector 
of  a  long  wave. 

This  proposed  approach  for  space-time  spec¬ 
tral  analisys  of  sea  image  has  been  verified  using 
the  experimental  spectra  of  sea  surface  images 
of  cm  waves  derived  during  measurements  from 
sea  platform  situated  in  Black  Sea.  On  the  Fig. 2 
it  is  presented  the  values  of  r.m.s.  of  long  wave 
elevation  h,  evaluated  using  the  expression  for 
cr’j  for  various  conditions  of  observation. 


0  10  20  30  40 
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Fig. 2.  r.m.s.  of  long  wave  elevation. 

The  values  of  long  wave  elevation  are  close  for 
various  observation  angles  and  azimutal  angles 
of  observation  direction  relative  to  direction  of 
wind.  So  this  developed  expressions  can  be  used 
for  optical  remote  sensing  of  long  surface  waves 
using  the  space-time  spectra  of  short  waves. 
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Abstract  -  A  coherent  scattering  model  for  tree  canopies 
based  on  a  Monte  Carlo  simulation  of  fractal  generated  trees  is 
investigated  in  this  study.  In  contrast  to  the  incoherent  mod¬ 
els  based  on  the  radiative  transfer  theory,  the  present  model  is 
capable  of  preserving  the  relative  phase  of  individual  scatterer 
which  give  rise  to  the  coherent  effects  and  predicting  the  abso¬ 
lute  phase  of  the  backscattered  field  or  equivalently  the  scatter¬ 
ing  phase  center. 

In  the  procedure  for  Monte  Carlo  simulation,  first  random 
generation  of  tree  architectures  is  implemented  by  employing 
the  Lindenmayer  systems  (L-systems),  a  convenient  tool  for 
creating  fractal  patterns  of  botanical  structures.  Since  the  gen¬ 
erating  code  of  tree  structures  is  faithful  in  preserving  the  fine 
features  of  the  simulated  tree  types,  this  study  provides  an  effi¬ 
cient  approach  to  examine  the  effects  of  tree  structures  on  the 
radar  backscatter.  After  generating  a  tree  structure,  the  elec¬ 
tromagnetic  scattering  problem  is  then  treated  by  considering 
the  tree  structure  as  a  cluster  of  scatterers  comprised  of  cylin¬ 
ders  (trunks  and  branches)  and  disks  (leaves)  with  specified 
position,  orientation,  and  size.  The  scattering  solution  is  ob¬ 
tained  by  invoking  the  single  scattering  theory  for  a  uniform 
plane  wave  illumination.  In  this  solution  scattering  from  indi¬ 
vidual  tree  components  when  illuminated  by  the  mean  field  is 
computed  and  then  added  coherently.  The  mean  field  at  a  given 
point  within  the  tree  structure  include  the  attenuation  and  phase 
change  due  to  the  scattering  and  absorption  losses  of  vegetation 
particles.  Finally,  the  backscattering  coefficients  are  simulated 
at  different  frequencies  based  on  the  results  of  the  Monte  Carlo 
simulations  obtained  from  a  large  number  of  independent  trees. 

INTRODUCTION 

Radiative  transfer  theory  [1]  is  the  most  widely  used  model 
for  characterization  of  scattering  from  a  forest  canopy.  When 
the  medium  consists  of  sparse  scatterers  that  are  small  com¬ 
pared  to  the  wavelength,  RT  theory  can  provide  accurate  statis¬ 
tics  of  radar  backscatter  including  the  phase  difference  of  the 
scattering  matrix  elements.  However,  no  information  regard¬ 
ing  the  absolute  phase  can  be  extracted  from  a  RT  model.  The 
other  shortcoming  of  RT  theory  is  its  inability  to  account  for 
the  coherent  effect  that  may  exist  between  different  scatter¬ 
ers  or  scattering  mechanism.  Moreover,  recent  investigations 
on  scattering  behavior  of  tree  signatures  have  shown  that  both 


the  backscattering  and  the  attenuation  are  significantly  influ¬ 
enced  by  tree  architectures  [2].  Therefore,  a  coherent  scattering 
model  seems  crucial  for  the  accurate  estimation  of  radar  behav¬ 
ior  of  forest  canopies. 

The  purpose  of  this  study  is  to  develop  an  accurate  coherent 
scattering  model  for  tree  canopies,  which  can  preserve  the  ef¬ 
fect  of  the  tree  structure  on  the  radar  response  of  forest  canopies 
and  can  provide  information  about  the  absolute  phase  of  the 
backscattered  field.  This  model  is  comprised  of  three  major 
components:  (1)  generation  of  tree  structure,  (2)  evaluation  of 
scattered  fields,  and  (3)  the  Monte  Carlo  simulation.  In  the 
tree  structure  modeling,  the  L-systems  [3]  based  on  fractal  the¬ 
ory,  is  employed  to  construct  a  tree-like  structure  as  a  tested 
target.  The  tree  generating  code  is  developed  so  that  fine  fea¬ 
tures  of  distinct  tree  structures  can  be  preserved  to  any  desired 
level  of  accuracy.  In  the  scattering  model,  scattering  from  in¬ 
dividual  tree  components  when  illuminated  by  the  mean  field 
is  computed  and  then  added  coherently.  The  mean  field  at  a 
given  point  within  the  tree  structure,  which  accounts  for  the  at¬ 
tenuation  and  phase  change  due  to  the  scattering  and  absorp¬ 
tion  losses  of  vegetation  particles,  is  calculated  using  Foldy’s 
approximation  [4].  Finally,  a  Monte  Carlo  simulation  is  per¬ 
formed  on  a  large  number  of  fractal  generated  trees  to  charac¬ 
terize  the  statistics  of  the  backscattered  signals. 

RANDOM  GENERATION  OF  TREES 

Fractal  theory  is  the  most  popular  mathematical  model  used 
for  relating  the  natural  botanical  structures  to  abstract  geome¬ 
tries.  Mandelbrot  [5]  defines  the  fractal  as  a  set  with  Hausdorff- 
Besicovitch  dimension  strictly  exceeding  the  topological  di¬ 
mension.  In  other  words,  the  notion  of  fractal  is  defined  only 
in  the  limit.  However,  in  order  to  make  the  problem  tractable, 
a  finite  curve  can  be  considered  an  approximation  of  an  infinite 
fractal  as  long  as  the  significant  properties  of  both  are  closely 
related.  In  the  case  of  plant  models,  this  distinctive  feature  is 
self-similarity  which  is  kept  through  the  derivation  process. 

The  Lindenmayer  systems  (L-systems)  is  a  versatile  tool  for 
plant  pattern  construction  [3].  Its  principal  features  lie  on  the 
easy  generation  of  fractals  and  the  realistic  modeling  of  plant 
structures.  The  central  concept  of  the  L-systems  is  that  of 
rewriting  -  a  technique  for  defining  a  complex  object  using  a 
set  of  simple  patterns  with  rewriting  rules  or  productions.  Here, 


0-7803-3068-4/96$5.00©1996  IEEE 


1334 


we  apply  the  L-systems  to  the  development  of  branching  struc¬ 
tures. 

The  final  stage  of  tree  modeling  is  to  integrate  botanical 
knowledge  of  the  architecture  for  the  trees  of  interest,  includ¬ 
ing  the  growth  model,  the  pattern  and  orientation  of  leaves  and 
branches,  and  the  profile  occupied  by  the  entire  tree  given  the 
age  and  number  density.  In  this  study,  we  focus  on  a  real  tree 
type,  red  maple,  which  is  faithfully  characterized  and  encoded, 
and  then  decoded  by  a  computer  based  tree-generating  code. 

COHERENT  SCATTERING  MODEL 

In  this  section,  a  coherent  scattering  model  is  developed  to  cal¬ 
culate  the  radar  backscatter  from  the  fractal  generated  trees. 
Once  a  tree  is  created,  it  is  treated  as  a  cluster  of  scatterers 
comprised  of  cylinders  (trunks  and  branches)  and  disks  (leaves) 
with  specific  position,  orientation,  and  geometric  shape  and 
size.  The  entire  tree  is  then  illuminated  by  a  plane  wave,  and 
the  scattered  field  in  the  far  zone  is  evaluated.  To  the  first  order 
scattering  approximation,  the  backscatter  from  the  entire  tree  is 
calculated  from  the  coherent  addition  of  the  individual  scatter¬ 
ing  terms.  Hence,  neglecting  the  multiple  scattering  among  the 
scatterers,  the  total  scattered  field  can  be  written  as 

E‘ =  (1) 

n~l 

where  N  is  the  total  number  of  the  scatterers;  S„  is  the  individ¬ 
ual  scattering  matrix  of  the  n-th  scatterer  and  is  the  phase 
compensation  accounting  for  the  shifting  of  the  phase  reference 
from  the  local  to  the  global  phase  reference,  and  is  given  by 
<i>n  =  -  ^5)  •  i*n,  where  is  the  position  vector  of  the 

n-th  scatterer  with  measured  in  the  global  coordinate  system. 

In  order  to  compute  the  scattering  matrix  of  the  n-th  par¬ 
ticle  Sn,  consider  the  isolated  particle  above  a  ground  plane. 
Ignoring  the  multiple  scattering  between  the  scatterer  and  its 
mirror  image,  the  scattering  matrix  can  be  decomposed  to  four 
components  :  (1)  direct  component  (2)  ground-scatterer 
component  Sj/,  (3)  scatterer-ground  component  S^^  and  (4) 
ground-scatterer-ground  component  Therefore,  the  indi- 


vidual  scattering  matrix  can  be  written  as 

Sn=S‘„  +  S^„‘  +Slf  + 

(2) 

where 

(3) 

(4) 

S;/  = 

(5) 

•R  T‘(6) 

with 

kr  =  ki  ~  2hg(hg  •  ki), 

(7) 

Tn  —  2A^o(*'n  '  ‘  ^r)- 

(8) 

In  the  above  expressions,  hg  is  the  unit  vector  normal  to  the 
ground  plane  which  in  general  can  be  tilted  with  respect  to  the 
global  coordinate  system.  The  optical  lengths  Tn  accounts  for 
the  extra  path  length.  is  the  scattering  matrix  of  the  n-th 
scatterer  isolated  in  free  space.  R  is  the  reflection  matrix  of 
the  ground  plane  accounting  for  the  reflection  and  polarization 
transformation  due  to  the  tilt  ground  plane.  ,  and  T^  are 

the  transmission  matrix  accounting  for  the  different  extinction 
portion  within  the  random  media  as  shown  in  the  Fig.  2. 

Forest  stand  can  be  represented  by  a  layered  structure  accord¬ 
ing  to  its  particle  distribution  statistics.  The  particle  distribu¬ 
tion  as  a  function  of  height  is  needed  for  the  calculation  of  ex¬ 
tinction  and  can  be  obtained  directly  from  the  fractal  model. 


MONTE  CARLO  SIMULATION  AND  DISCUSSION 


The  radar  backscatter  from  a  distributed  target  is  usually 
quantified  in  terms  of  the  backscattering  coefficient  <7^,  define 
as  the  ratio  of  measured  radar  cross  section  to  the  illuminated 
area.  To  relate  the  total  scattering  matrix  of  a  tree  structure 
S  to  the  backscattering  coefficient  we  assume  no  coherent 
correlation  between  trees,  that  addition  of  powers  instead 
of  fields  is  needed  to  compute  UiC  backscatter  from  a  number 
of  trees.  Hence  cr°  is  proportional  lO  the  tree  density  i  e., 
o-p,  =  47rA  <  ISp,^  >  . 

A  large  number  of  fractal  trees  are  created  according  to  the 
prescribed  tree  features,  such  as  leaf  density,  pdf  of  branch’s 
orientation,  and  DBH  distribution.  Fig.l  shows  a  computer 
generated  fractal  tree  based  on  the  ground  truth  data  collected 
at  Raco  Site,  in  Michigan’s  upper  peninsula.  In  the  traditional 
RT  models,  the  forest  canopies  are  simplified  in  terms  of  a  two- 
layer  structure.  This  treatment  is  not  realistic  in  that  location  of 
the  layer  boundary  between  the  crown  and  trunk  layers  is  am¬ 
biguous  and  that  the  branches  always  have  a  non-uniform  dis¬ 
tribution  in  position,  that  is,  the  branches  are  located  with  larger 
diameter  in  lower  region.  Also  the  leaf  density  is  usually  higher 
in  the  upper  layer  of  the  canopy.  In  the  present  model,  since 
the  entire  tree  structure  is  well  specified,  it  is  easy  to  construct 
a  multilayer  model  to  characterize  the  vertical  inhomogeneity 
of  the  tree  structure.  Fig.  1  (b)  shows  the  attenuation  constants, 
o^m,  profile  of  a  seven  layer  canopy  derived  for  the  red  maple 
forest  stand.  Using  the  Foldy’s  approximation,  the  expression 
for  am  is  computed  from  : 

9  n  /layer-m  \ 

=  E  (9) 

where  dm  is  the  thickness  of  the  m-th  layer;  Dt  is  the  tree  den¬ 
sity. 

It  is  well  known  that  the  backscatter  from  forest  canopies 
as  a  function  of  frequency  is  governed  by  various  scattering 
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(a)  (b) 


Figure  2:  Extinction  of  a  coherent  wave  in  random  media. 


Frequency  (GHz)  L/C/X  -  Bund 


Figure  I :  A  red  maple  fractal  generated  tree  (a)  and  its  ex¬ 
tinction  profile  (b). 


Figure  3:  Comparison  of  the  backscattering  coefficients  of 
the  real  structure  andthe  random  distribution. 


mechanisms.  For  instance,  at  lower  frequencies  the  dominant 
backscatter  term  is  the  trunk-ground  bounce,  while  at  high  fre¬ 
quencies  the  backscatter  is  mainly  influenced  by  the  direct  scat¬ 
tering  term  from  the  crown  layer.  The  difference  between  the 
backscatter  from  a  forest  stand  using  a  multilayer  model  and  a 
two-layer  model  is  examined.  In  the  two-layer  model  the  forest 
is  divided  into  a  trunk  layer  (0-8  m)  and  a  crown  layer  (8- 1 7  m), 
and  extinction  parameters  are  averaged  over  the  whole  layer. 
Fig.  4  shows  the  results  of  this  study  where  the  backscattering 
coefficients  are  computed  at  different  frequencies,  L-band  ( 1 .25 
GHz),  C-band  (5.3  GHz),  and  X-band  (9,6  GHz).  It  is  shown 
that  at  high  frequencies  the  discrepancy  between  the  two  mod¬ 
els  increases. 
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Abstract 

An  easy  to  use  semi-empirical  model  for  the  scattering  from 
grass  grain  heads  has  been  developed  with  the  assistance  of  the 
T-Matrix  method  for  determining  scattered  fields.  It  is  shown 
that  that  physical  grain  model  is  significantly  different  than  the 
more  commonly  employed  dielectric  cylinder  model  and  that 
the  derived  empirical  model  can  be  used  to  efficiently  replicate 
results  obtained  from  the  numerical  analysis. 

Introduction 

The  problem  of  electromagnetic  scattering  from  vegetation 
covered  surfaces  has  attained  significant  prominence  in  the  past 
decade  because  of  the  advent  of  microwave  remote  sensors.  In 
microwave  remote  sensing  problems,  the  vegetation  parame¬ 
ters  such  as  height,  vegetation  biomass,  moisture  content,  etc., 
may  be  the  primary  or  secondary  parameters  to  be  retrieved 
from  the  measurements.  In  either  case,  an  accurate  electromag¬ 
netic  scattering  model  for  vegetation  cover  is  necessary  for  a 
successful  retrieval  algorithm. 

Vegetation  components  usually  are  modeled  by  simple,  ge¬ 
ometrical  particles  such  as  cylinders,  disks,  spheres  and  ellip¬ 
soids.  Then,  using  the  single  scattering  theory  in  conjunction 
with  radiative  transfer  theory  or  an  analytical  wave  approach, 
the  backscattered  power  is  predicted.  In  a  number  of  situations 
where  the  vegetation  particles  do  not  appear  as  isolated  indi¬ 
vidual  particles,  the  single  scattering  formulation  would  fail. 
One  such  situation  can  be  observed  in  wheat  or  barley  plants 
when  the  cluster  of  grains  appear  atop  of  the  plants  in  the  mid¬ 
dle  of  the  growing  season  (Fig.  1).  Recent,  careful,  backscatter 
measurements  of  a  wheat  field  shows  that  at  this  level  of  matu¬ 
rity,  the  grain  heads  themselves  overwhelmingly  contribute  to 
the  backscatter  response  because  this  component  of  the  radar’s 
signal  is  unattenuated  due  to  other  components  in  the  botanic 
layer.  Therefore,  an  accurate  scattering  model  for  grain  heads 
is  needed  to  achieve  an  accurate  backscatter  prediction. 

In  most  basic  models,  grain  heads  are  usually  approximated 
by  a  homogeneous  finite  cylinder,  an  approximation  that  has 
been  shown  to  fail  in  predicting  the  backscatter  measurements. 
In  this  paper,  the  electromagnetic  scattering  behavior  of  grain 
heads  is  studied  using  a  rigorous  numerical  solution  (Fig.  2). 
Here,  the  T-Matrix  approach  in  conjunction  with  a  physical 


incident  field 


Figure  1:  Wheat  field  model  showing  the  three  interactions  of 
interest:  (i)  direct  backscatter,  (ii)  ground  bounce,  and  (iii)  ex¬ 
tinction.  Because  the  signal  interacts  with  the  grain  heads  unat¬ 
tenuated,  this  contribution  to  the  total  backscattered  field  is  the 
most  significant  one. 


simulation  for  arranging  the  grains  in  a  grain  head  cluster  is  em¬ 
ployed  to  compute  the  backscatter,  forward-scatter,  and  specu¬ 
lar  scatter  fields.  Empirical  models  based  on  the  numerical  sim¬ 
ulations  as  a  function  of  grain  head  dimensions,  dielectric  con¬ 
stant  and  incidence  angle  at  L-,  C-,  and  X-band  frequencies  are 
developed. 

Deficiencies  of  the  Dielectric  Cylinder  Model 

The  dashed  lines  in  Fig.  3  illustrate  the  best  fit  dielectric 
cylinder  to  the  numerically  determined  (solid  line)  scattering 
pattern  of  the  grain  head.  The  dielectric  model  is  deficient  for 
four  fundamental  reasons:  (i)  the  dielectric  cylinder  model  is 
based  upon  the  solution  for  an  infinite  length  cylinder,  thus 
away  from  the  broadside  direction  the  model  becomes  inaccu¬ 
rate,  (ii)  a  unique  equivalent  dielectric  constant  for  the  cylin¬ 
der  cannot  be  obtained  due  to  the  small  number  of  grain  par¬ 
ticles  that  constitute  the  cylinder,  (iii)  the  permittivity  of  the 
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Figure  2:  Two  models  for  the  grain  head  of  wheat.  Individ¬ 
ual  grains  may  contribute  more  strongly  to  the  backscatter  field 
than  the  ‘"smooth”  cylinder  model  most  commonly  employed. 


grain  head  is  anisotropic  due  to  the  vertical  alignment  of  the 
individual  grains  (modeled  here  as  ellipsoids),  and  (iv)  the  sur¬ 
face  of  the  grain  head  is  not  smooth  and  thus  it  is  expected  that 
backscatter  away  from  broadside  incidence  would  be  underes¬ 
timated  by  the  cylinder  model. 

Scattering  Model 

The  electromagnetic  scattering  model  presented  in  this  paper 
is  determined  through  a  three-step  process:  (i)  physical  mod¬ 
eling  of  grain  arrangement  within  the  grain  head  (ii)  T-Matrix 
solution  of  the  specular,  forward  and  back-scattered  fields  as  a 
function  of  grain  head  height  (6  to  8  cm),  width  0.6  cm)  and 
grain  dielectric  (Re(e)  =  5  to  25)  at  L,  C  and  X-band  and  (iii) 
empirical  modeling  of  the  T-Matrix  solutions. 

The  semi-empirical  scattering  formulae  employed  are  based 
upon  a  simplified  physical  model  of  electromagnetic  field  inter¬ 
action  with  a  thin  dielectric  cylinder.  This  model  is  as  follows: 


Back  scatter 


Forward  scatter 


Specular  scatter 


Angle  from  broadside  (deg) 


Figure  3:  Sample  scattered  field  patterns  for  the  grain  head  (X- 
band,  e'  =  15,  Z  =  71  cm).  Shown  are  results  from  the  nu¬ 
merical  model  (solid  lines),  best  fit  dielectric  cylinder  model 
(dashed  lines)  and  the  empirical  model  (x’s). 


H||  given  by 


R\\ 


y^brew  COS  0  -  ^1  -  sin^  ^/Cbrew 
^Cbrew  COS  6  +  \j ^  -  sin^  ^/Cbrew 


=  LA[ao  "f  02  cos(2^)  +  04  cos(4^)]^*^^ 

dn  ~  einT‘(c) -f  e2n^^(c)  +  e3„P^(6) 

{(1  -  e)  vv-pol 

(1  -  e)/(l  -f-e)  hh-pol 

In  the  above  set  of  equations,  L  and  A  are  the  grain  head  length 
and  cross  sectional  area  (in  cm  and  cm^)  respectively,  P{e) 
is  the  polarizability  tensor  for  a  two-dimensional  thin  circular 
cylinder.  The  coefficients  emn  are  in  general  functions  of  the 
frequency  and  polarization  and  are  tabulated  in  Tables  1  -  6.  For 
vertically  polarized  specular  reflection,  the  incident  field 
is  multiplied  by  the  vertical  polarization  reflection  coefficient, 


where  6brew  is  the  permittivity  related  to  the  Brewster  angle  ob¬ 
served  for  vertically  polarized  incidence  and  is  related  to  the 
permittivity  of  the  wheat  grains.  A  linear  relation  can  be  used 
to  model  this  dependence  as  Cbrew  =  ^0  +  6i(e  —  1)  where  the 
coefficients  bo  and  61  are  given  by 


L 

c 

X 

bo 

1.86 

1.60 

1.97 

bi 

0.10 

0.14 

0.066 

It  should  be  noted  that  while  this  model  provides  an  excellent 
fit  for  Re(6)  between  5  and  25,  it  does  not  approach  the  correct 
limiting  value  of  ebrew  =  1  whene  =  1.  Thus  the  dielectric  por¬ 
tion  of  this  model  should  not  be  employed  for  grain  permittivies 
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below  5  (at  these  permittivies,  the  grain  heads  would  be  unchar¬ 
acteristically  dry  and  would  not  be  a  common  occurrence). 


Figure  4:  Illustration  of  the  three  scattering  components  of  in¬ 
terest  for  the  grain  head  and  the  validity  regions  (20®  <  9  < 
70®)  of  the  empirical  model. 

Empirical  Model  Coefficients 

Coefficients  for  the  model  given  in  Tables  1-6  were  obtained 
by  fitting  the  semi-empirical  expression  to  the  mean  scattered 
fields  evaluated  by  the  T-matrix  model  for  many  realizations  of 
the  grain  head.  As  a  method  of  saving  space,  exponential  com¬ 
ponents  are  given  in  parenthesis  (i.e,  10^  ^  (a:)) 


freq 

Table  1: 

flO 

vv-forward  scatter  coeffs 

02 

L 

eio=5.4(-4) 

620  =  -3.0(-5) 
630  =  6.1(-7) 

612  =  1.7(-4) 

622  =  -2.7(-6) 

^32  =  0.0 

c 

eio  =  0.051 
e2o  =  -l.l(-3) 
630  =  0.0 

612  =  0.026 

622  =  -2.8(-4) 

632  =  0.0 

X 

eio  =  0.32 

620  =  —0.018 

630  =  3.6(-4) 

612  =  0.10 

.  622  =  -5.6(-3) 

632  =  1.0(-4) 

freq 

Table  2:  hh-for 

ao 

ward  scatter  coeffs 

a2 

L 

610  =  l-4(-3) 
620  =  4.2(-4) 
€30  =0.0 

ei2=4.3(-7) 

622  =  -5.6(-7) 

632  =  0.0 

c 

eio  =  0.15 

620  =  0.066 

630  =  0.0 

ei2  =  7.1(-3) 

622  =  —0.022 

632  =  0.0 

X 

do  =  0.63 

620  =  0.46 
€30  =  0.0 

ei2  =  0.15 

622  =  -*0.40 
^32  =  0.0 

freq 

TabK 

ao 

3  3:  w-backscatter 

02 

coeffs 

04 

L 

610  =  4.2(-4) 

620  =  — 2.2(— 5) 
630  =  4.5(-7) 

612  =  2.1(-4) 

622  =  -3.9(-6) 
632  =  0.0 

0 

c 

610  =  7.6(-3) 

620  =  — 2.8(— 5) 
€30  =  0.0 

ei2  =  5.3(-3) 

^22  =  -5.3(— 5) 

632  =  0.0 

0 

X 

610  =  0.030 

620  =  -6.9(-4) 

630  =  0.0 

612  =  0.030 

622  =  — 8.7(— 4) 
^32  =  0.0 

614  =  0.023 

624  =  -2.1(-3) 
634  =  4.7(-5) 

freq 

Table  4 

ao 

hh-backscatter 

02 

coeffs 

(I4 

L 

610  =  1.06(-3) 
620  =  3.0(-4) 

630  =  0.0 

6i2=3.1(-4) 
622  =  1.2(— 4) 
^32  =  0.0 

0 

C 

^10  =  0.018 
€20  =  8.1(  — 3) 

C30  =  0.0 

612  =  0.14 

622  =  —0.34 

632  =  0.21 

0 

X 

610  =  0.061 

620  =  0.028 

C30  =  0.0 

612  =  0.039 

622  =  —0.012 
C32  =  0.0 

614  =  0.032 

624  =  4.4(-4) 

634  =  0.0 

freq 

Table  5:  vv-speci 

ao 

liar  scatter  coeffs 

02 

L 

610  =  2.4(-3) 

620  =  -1.7(-4) 
C30  =  3.9(— 6) 

612  =  1.6(-3) 

622  =  — 1.1(— 4) 
632  =  2.5(-6) 

c 

610  =  0.29 

620  =  -0.018 

630  =  3.7(-4) 

^12  =  0.20 

C22  =  —0.012 

632  =  2.1(— 4) 

X 

610  =  1-36 

620  =  —0.091 

630  =  1.9(-3) 

^12  =  0.81 

622  =  —0.066 

632  =  1.4(— 3) 

freq 

Table  6:  hh-spe 

ao 

cular  scatter  coeffs 

02 

L 

610  =  1.4(-3) 
620  =  4.2(-4) 
630  =  0.0 

612  -  -7.6(~7) 

^22  =  — 1.2(-6) 

^32  —  0.0 

C 

610  =  0.15 

620  =  0.066 

C30  =  0.0 

612  =  4.0(-3) 

622  =  —0.024 

C32  =  0.0 

X 

610  =  0.58 

620  =  0.45 
€30  =  0.0 

612  =  0.12 

622  =  —0.42 

632  =  0.0 
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Abstract — A  general  theory  is  presented  for  the  elec¬ 
tromagnetic  scattering  by  multiple  three-dimensional 
scatterers  buried  under  one-dimensional  multi-layered 
media.  Closed-form  formulations  for  the  electric  fields 
excited  by  an  arbitrarily-oriented  electric  dipole  under 
the  layered  media  are  investigated  at  first,  from  which 
electric  field  integral  equations  for  the  buried  dielec¬ 
tric  objects,  conducting  objects,  and  coupled  electric 
field  integral  equations  for  multiple  buried  dielectric 
and  conducting  objects  are  then  obtained. 


1.  INTRODUCTION 

The  electromagnetic  scattering  and  radiation  by  objects 
buried  in  one-dimensional  medium  have  been  investigated 
by  many  authors  [1]“[3],  But  most  of  them  considered  only 
two-dimensional  case  [l]-[2].  Michalski  and  Zheng  [3]  pre¬ 
sented  a  general  theory  for  the  scattering  by  conducting 
objects  buried  in  multiple  layers,  but  it  is  not  suitable 
for  the  mixed  scattering  problem  of  dielectric  and  con¬ 
ducting  objects.  For  this  reason,  we  have  presented  gen¬ 
eral  theories  for  the  TM  wave  and  TE  wave  scattering  by 
multiple  dielectric  and  conducting  cylinders  buried  under 
multi-layered  media  [4]-[5].  But  we  considered  only  the 
two-dimensional  case. 

In  this  paper,  we  investigate  a  general  case  -  electro¬ 
magnetic  scattering  by  multiple  three-dimensional  dielec¬ 
tric  objects  and  (or)  conducting  objects  buried  under  the 
multi-layered  media. 


II.  ELECTRIC  FIELDS  EXCITED  BY  AN  ELEC¬ 
TRIC  DIPOLE  UNDER  LAYERED  MEDIA 

See  Fig.l,  we  consider  a  medium  consisting  of  n  + 1  dielec¬ 
tric  layers  separated  by  n  planar  interfaces  parallel  to  the 
xoy  plane  of  a  Cartesian  coordinate  system  and  located 
at  z  =  z,-,  2  =  1, 2, . . . ,  n.  The  relative  permittivity  of  the 
2th  layer  is  characterized  by  €{.  The  half  spaces  z  <  0 

*This  work  is  supported  by  the  Alexander  von  Humboldt  Foun¬ 
dation,  Germany. 

It.  J.  Cui  was  with  the  Department  of  Electromagnetic  Field 
Engineering,  Xidian  University,  Xi’an  710071,  P.  R.  China. 


and  z  >  z„  are  homogeneous  dielectric  regions,  whose  rel¬ 
ative  permittivities  are  characterized  by  €b  and  ea.  When 
the  medium  is  lossy,  ea,  e^,  and  €i{i  —  1, 2, . . . ,  n)  can  be 
complex. 

From  the  electromagnetic  theory  and  Fourier  trans¬ 
form  theory,  when  an  arbitrarily  oriented  electric  dipole 
Idl  =  {xIx+yIy-\‘Hz)dl  is  located  at  any  point  (ar',  ?/,  z') 
under  the  layered  media,  its  radiation  electric  fields  can  be 
formulated  after  a  complicated  derivation.  In  the  region 
of  z  <  0, 

Ei,n{x,y,z)  =  -  ^  Yl  [^uv{x-x',y-y' ,z-z') 

®  v=x,y,z 


—^Fuv{x-x',y-]/,z  +  z')]h-,  (1) 

in  the  region  of  z  >  z„ , 


v—x,y,z 

(«  =  x,  y,  z) 

Here  PFav(x,?/,  z)  is  defined  as 


x'  ,y-if  ,z,z')Iv. 

(2) 


y,  z)  =  -  R'^gihR)],  (3) 

y.  {u  v)  (4) 

in  which  R  =  \/x^  ^  y^  +  z^ ,  and  /(•)  and  g{^)  are  func¬ 
tions 


/(x)  =  x^  -  jZx  -  3,  g{x)  =  x^  -  jx  -  1;  (5) 

and  Fuvi^iV,  z)  is  Fourier  integral  defined  as 

/  +  00  y  +  OO 

/  Pi^Fxxv{k,^X)- 

■  oo  J  —  oo 

(6) 

in  which,  =  x,y,  z;v  =  x,y,z)  are  the  fol- 

lowing  functions 

h.ikX, 0  =  (C"  +  /??)rr  -  mrZ,  (7) 
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hy{k,  0  =  -^CrT  -  mrTy ,  (8) 

Pxzik,^,C)  =  —^Pbl'w  )  (9) 

Fyx{ll^,^,C)  —  ~^C‘^±  ~CPh1'zx>  (19) 

hvi^AX)  =  {e  +  /3?)rr  -  0irTy,  (11) 
^y*(l')^)C)  —  ■“C^6^||  j  (12) 

h.{k,^X)  =  {e-¥e)rTx-iPbrr,  (IS) 

hy{k,iX)  =  {e+e)rTy  -  C/?6rr.  (H) 

^«(1:,^,C)  =  (^"  +  C>ir:  (15) 


and  Quv{^  ”  J/  “  j/j  -2:,  z')  is  also  Fourier  integral 

i»  +  CXD  i»+00 

Quvix,y,z,z’)=  /  /?r^Q«v(l;.^.C)- 


J  —  co  J —  oo 

and  Qu«,(l;,^,C)(w  =  x,y,z;v  =:  x,y,z)  are  defined  as 

QMk,i,C)  =  iC^  +  ^Dtx  +^I3JZ,  (17) 

Q.yik,i,0  =  -^<:tr  +^^atTy,  (18) 

0®^(1')^>C)  —  )  (19) 

Qy4l^,t0  =  -^Ctr+Cl3atz,  (20) 

QyyikAX)  =  +Cf3at7y,  (21) 

Qyz(k,^X)  =  Cl3at{,  (22) 

Qzx{kx,o  =  x^+c'‘)tz+ii3atr>  (23) 

QzyikX>C)  —  +  C'^)^zy  d"  CPa^l.  >  (24) 

Q«(l;,'e.C)  =  (£"+C^)<f,  (25) 


where  pi  =  and  ;0a  =  \/k‘^€a  —  O 

are  the  phase  factors  in  Region  b  and  a;  and 

5  >  ^jf )  ^ the  reflection  and  transmission 

coefficients  when  the  plane  wave  is  incident  from 

Cl  - J.  They  are  all  functions  of  and 

which  can  be  determined  by  boundary  conditions. 

III.  ELECTRIC  FIELD  INTEGRAL  EQUATIONS 
FOR  BURIED  DIELECTRIC  OBJECTS 

In  this  section,  we  consider  the  electromagnetic  scattering 
problem  for  three-dimensional  dielectric  objects  buried 
under  the  multi-layered  media.  See  Fig.l,  an  arbitrarily 
shaped  dielectric  object  with  relative  permittivity  €r{x^  y,  z) 
and  volume  V  is  buried  under  the  multi-layered  media. 
An  arbitrarily-polarized  electromagnetic  plane  wave  is  in¬ 
cident  to  the  interface  2:  =  from  the  upper  space  at  a 
direction  to,  as  shown  in  Fig.l. 

From  the  electromagnetic  wave  theory,  the  reflected 
electric  field  by  the  multi-layered  media  z)^  and  the 


Figure  1:  A  scatterer  buried  under  the  multi-layered  media 


transmitted  electric  field  through  the  multi-layered  me¬ 
dia  E\{x,z)  can  be  easily  obtained  once  the  direction  to 
and  the  polarization  of  the  incident  wave  are  given.  From 
Fig.l,  the  transmitted  electric  field  through  the  multi¬ 
layered  media  is  just  the  incident  electric  field  of  the  di¬ 
electric  objects  in  Region  b 

E\{x,y,z)  =  El{x,y,z).  (26) 


Under  the  illumination  of  the  incident  wave  FJ(a;,  t/,  2r), 
there  will  be  internal  electric  field  Eh{x^y,z)  excited  in¬ 
side  the  dielectric  object,  which  is  the  summation  of  scat¬ 
tered  and  incident  electric  fields 

Ei{x,  y,  z)  =  El{x,  y,  z)  +  Ei(x,  y,  z).  (27) 

From  the  discussion  in  Section  II,  the  scattered  electric 
field  generated  by  the  dielectric  object  can  be  written  as 
integral  forms.  Substituting  the  integrals  into  (27),  we 
will  obtain  electric  field  integral  equations  for  the  internal 
electric  fields  inside  the  buried  dielectric  object 


z)  + 


4ir  /v  L 


- 1 


E 


^  V=X,y,J!! 


[Wuvix  -x',y-t/,z-  z')  -  -^l^uvix  -x',y-  j/, 

2:  +  z')]EiXx',  y',  z')dx'dy'dz'  =  £’j„(a;,  y,  z),  (28) 

(u  =  x,y,  z) 

Then  the  scattered  electric  field  in  the  upper  space  excited 
by  the  dielectric  object  is  obtained 


E‘ 


.(i.j/.j)  =  j  s') -u] 


E 

v=x,y,z 


Quvi^  y\  z,  z')Eiv{x',  y\  z')dx'dy^dz\  (29) 

Therefore,  the  total  scattered  electric  field  in  the  upper 
space  can  be  written  as 


Vy  ^  -^aui^y  Vy  ^)  d"  E^^i^X^  ?/,  z).  (30) 

{u  =  x,y,  z) 
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IV.  ELECTRIC  FIELD  INTEGRAL  EQUATIONS  V.  ELECTRIC  FIELD  INTEGRAL  EQUATIONS 
FOR  BURIED  CONDUCTING  OBJECTS  FOR  MULTIPLE  BURIED  OBJECTS 


See  Fig.l,  when  a  plane  wave  is  incident  to  the  interface 
z  =  Zn  from  the  upper  space,  there  will  be  electric  current 
density  J(ar,  y,  z)  excited  on  the  surface  of  the  conducting 
object.  Now  we  consider  an  arbitrary  point  (x^y^z)  on 
the  surface  S.  Suppose  that  the  normal  unit  vector  at 
point  (ar,  y,  z)  is  ft 

n  =  £  sin  cos  y?  +  y  sin  t?  sin  v?  -b  ^  cos  (31) 


which  is  known  because  the  shape  of  the  surface  S  is  given. 
In  the  tangent  plane  at  point  (x,y,  z),  we  choose  two  or¬ 
thogonal  unit  vectors  ii  and  <2* 

ii  =  X  sin  7i  cos  ori  -f  y  sin  71  sin  ai-{-  z  cos  71 ,  (32) 

{2  =  X  sin  72  cos  a2  -b  y  sin  72  sin  a2  -b  ^  cos  72  (33) 

which  satify  ii  x  h  =  n.  So  when  one  of  the  angles  71, 
ai,  72  or  a2  is  given,  the  others  can  be  determined. 

Because  the  induced  electric  current  density  J(a;,y,  z) 
is  distributed  on  the  surface  of  the  conducting  object,  we 
can  write  J(x,y,  z)  as 

J{x,y,z)=iiJi{x,y,z)  +  t2J2{x,y,z).  (34) 


From  the  results  in  Section  II,  the  scattered  electric  field 
excited  by  the  conducting  object  can  be  obtained 


ELi^,y,z) 


1 

'  JAttu; Co  €b 


I  E 

•'^v=x,y,z 


3:',y-‘i/, 


z-z')--^Fuv{x-x\y-t/ ,z-\-z')]Jv{x' ,-1/ ,z')dS' ,  (35) 

ZTT 

where  u  =  x^y^  z;  and 

=  Ji  sin 71  cos  ai  +  J2  sin  72  cos  0:2,  (36) 

Jy  r=  Ji  sin  7i  sin  ai  +  J2  sin  72  sin  ^2,  (37) 

=  Ji  cos  71  +  J2  cos  72.  (38) 

Using  the  boundary  condition  of  the  conducting  ob¬ 
ject,  that  is  the  tangent  components  of  electric  field  equal 
zero  on  the  surface  S,  so  we  have 

-  sin  7/  cos  aiEl^{x,  y,  z)  -  sin  7/  sin  aiEly{xy  y,  z)- 

cosyiEl^(x,y,z)  =  £’Jj(x,y,z),  (39) 

where  /  =  1,2;  and 

El{x,y,  z)  =  sin7/cosa/£'J^(x,y,  z)-b 

sin 7/  sin  aiEly{x,  y,  z)  -b  cos  jiEl^{x,  y,  z).  (40) 

Substituting  (35)  into  (39),  we  obtain  the  electric  field  in¬ 
tegral  equations  for  the  induced  electric  currents  Ji(ir,  y,  z) 
and  J2{Xyyyz)  on  the  surface  of  the  conducting  object, 
from  which  the  scattered  electric  field  in  the  upper  space 
can  be  formulated 

v—x,y  ,z 


(^  )  2/ )  )diS  ,  (u  —  a?,  y,  z). 


For  a  general  case,  there  supposed  to  be  M  dielectric  ob¬ 
jects  Vi,...,Va/  and  N  conducting  objects  Si,...,Siv 
buried  under  the  multi-layered  media.  Using  the  similar 
procedures  to  those  in  Section  III  and  Section  IV,  and 
combining  them  efficiently,  we  will  obtain  coupled  elec¬ 
tric  field  integral  equations  for  the  internal  electric  fields 
inside  the  buried  dielectric  objects  and  induced  electric 
currents  on  the  surfaces  of  the  buried  conducting  objects. 
Furthermore,  the  scattered  electric  field  in  the  upper  re¬ 
gion  z  >  z„  is  also  available,  which  are  not  written  here 
for  pages  reason. 

VI.  CONCLUSIONS 

Similar  to  the  two-dimensional  cases  [4]“[5],  the  theory 
presented  here  is  also  suitable  for  lossy  case  and  one- 
dimensional  inhomogeneous  medium,  and  has  a  clear  phys¬ 
ical  significance. 
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Abstract  -  The  scattering  of  electromagnetic  waves  by 
an  homogenous  isotropic  dielectric  sliapes  has  Ixjen  investi 
gated  using  a  cpiasistatic  approximation.  In  this  study,  the 
modified  Rayleigh-Gans  approach  is  developed  and  aj)plied 
to  a  circular  thin  disc,  rod,  and  sphere  whose  j.>hysical  sizes 
are  small  compared  to  wavelengtli. 

The  scattered  field  relationships  are  used  to  obtain  the 
radar  cross  section  equations  in  closed  form  and  also  nor 
rnalized  absor[)tion  and  scatttering  cross  sections  coin|)iite(l 
by  using  internal  fields. 

INTRODlKTriON 

It  is  well-known  that  the  atmospheric  propagation  of  mil 
limeter  waves  is  strongly  affected  by  certain  meteorological 
phenomena.  The  attenuation  of  electromagnetic  waves  of 
centimeter  or  millimeter  wavelengths  in  a  clear  atmosi)herc 
near  ground  level  is  negligible  for  most  practical  purposes. 
The  degree  of  attenuation  of  millimeter  waves  is  related  in 
a  complex  way  to  meteorological  conditions  along  the  path 
of  propagation. 

Equations  for  absorption  and  scattering  have  been  d(‘ 
rived  by  Gustav  Mie(1908).  Mie’s  work  has  been  restated 
by  Stfaton(194I),  Gol6tein(1946),  Kerr(1951)  and  by  Van 
de  Hulst(1957). 


via  the  scattering  amplitude,  F(o,  i).  'riie  Wttve  is  incident 
upon  a  particle  whose  dielectric  constant  has  both  real  and 
imaginar  parts.  1  hat  is,  the  particle  may  he  lossy  and  in- 
liomogeneoiis. 

In  the  case  of  ll  >  D^/A  the  scattered  field,  E, ,  behaves 
as  a  s[)hcrical  wave  and  is  equal  to[l] 

h\ir)  =  Fio,T)eJ'‘^/}i  (2) 

^  J —o  A[o  A  E(r')]JV'  (2) 

V 

where  F{o^t)  indicates  the  amplitude,  phase  and  polariza¬ 
tion  of  the  scattered  field. 

Wc  consider  a  \  'irticle(an  ellipsoid)  whose  surface  is 
given  by 


and  the  incident  field,  £/,,  has  component  Kix,  Eiy, 
in  (he  x,  y,  and  z  directions,  respectively.  For  calculation 
cross-sections,  let  us  assume  that  an  ellipsoid's  axes  coinside 
with  x,  y,  and  z  axis  of  cartesian  coordinate  system  whicli 
is  shown  in  Fig.  1 . 


ANALYSIS 

A  plane  electromagnetic  wave  incident  on  an  arbitrarily 
oriented  dielectric  object.  The  plane  wave  is  assumed  to 
have  polarization  q  and  to  be  propagated  in  the  i  (.lircclion, 
then 

^  Eiir)  =  qE,e’’‘''>-  (1)  >>y 


VVe  choose  Oi  =v— 7r/2  ,  than  Xg  —  ho 

i  =  sin  Oiijo  —  cos  OiZg  (h) 

Field  components  of  the  field  inside  the  particle  are  given 


Where  Eg  is  the  magnitude  of  incident  wave,  ko  is  propaga¬ 
tion  constant,  i  is  the  unit  vector  in  the  direction  of  wave 
propagation  wliereas  f  is  the  vector  for  the  direction  of  its 
polarization. 

An  isolated  scatterer  can  be  clectromagnctically  char¬ 
acterized  by  specifying  its  far  field  scatlcrirtg  properties 


E.  ^ 


Eg 


E, 


_ E^ _ 

[1  +  -  1)^J 


[1  +  -  1)/1,) 

_ _ 

[1  +  -  1)^] 


(«) 

('0 

(8) 
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The  constants  Ax,  Ay^  and  Az  are  defined  as; 


^  _  r _ _ 

~  Jo  {s  +  «')[(«  +  b^){s  +  c^){s  +  a-^W!^ 


(9) 


CO 

=  / 


ds 


(s  +  62)[(s  +  62)(s  +  c2)(s  +  a2)]i/2 


(10) 


f 


ds 


(5+c2)[(s  +  62)(5  +  c2)(s  +  a2)]l/2 


(11) 


where  is  the  electric  field  inside  the  ellipsoid  whereas 
e*  is  the  imaginary  part  of  relative  dielectric  constant  of 
ellipsoid.  By  using  value  of  E{f)  for  ellipsoid,  we  can  obtain 


Qahh  = 


ke*V 


(19) 


By  considering  vertical  value  of  electric  field  inside  the 
ellipsoid,  we  can  write  for  incident  field  [3] 

=  [|4|2  +  |S,|2]1/2  (20) 


In  a  similiar  way,  vertical  absorption  cross-section  can  be 
found  as 


cos^  6^ 


sin^  0i 


where  L3  ::::  1  —  2Li 

We  generalize  this  calculation  when  9  and  (f)  are  different 
from  zero.  From  the  geometry  of  scattering,  we  can  take  as 
a  special  case  =  0  then 


Fig.  1.  Geometry  of  Scattering 


Qs  —  Qsh  —  Qsv 


er-l 

Gtt  -1)' 


(22) 


We  assume  that  the  incident  field  is  initially  uniform 
the  internal  field  within  the  ellipsoid  is  also  uniform.  The 
polarization  factors  Li,  L2,  T3  are  defined  as  [2] 


abc 

Li  —  Ax 

(12) 

ahr. 

L2  =  -p-^y 

(13) 

ahr.  .  . 

(14) 

Li  -f-  -L2  +  L3  =  1 

(15) 

By  rearranging  the  above  equations,  we  can  obtainthe 
field  inside  the  ellipsoid  as 


jp  _ _ 

^  [1  +  Li(er  —  1)] 


(16) 


Since  ka  «  1,  the  field  inside  ellipsoid  is  constant.  Then 
we  assume 


[I +  L,(er-1)] 
The  absorption  cross-section  is  given  by  [1] 


Qab 


=  ke*  J 


dV 


(17) 


(18) 


Clearly,  this  equation  is  in  agreement  with  [4].  This  agree¬ 
ment  is  also  valid  for 

1  2 

Qabh  ~  Qabv  —  ^1  _j_  ZTjyl  (^^) 


CONCLUSION 

Scattering  amplitude  and  cross  sections  for  different 
isotropic  dielectric  geometric  shapes  has  been  computed 
under  quasi-static  approximation.  It  is  so  called  modified 
Rayleigh-Gans  approximation  which  is  presented  to  calcu¬ 
late  scattering  properties  of  dielectric  bodies  that  are  small 
compared  to  wave  length  in  at  least  one  direction.  For  very 
thin  or  flat  particles,  which  are  arbitrarily  oriented,  if  thin¬ 
ness  criterion  is  satisfied  the  results  are  valid  in  frequency 
regions. 

Numerical  results  for  disc,  rod  and  sphere  in  horizontal 
and  vertical  cases.  Results  are  presented  in  Fig. 2  to  6.  Nor¬ 
malized  cross  sections  versus  diameter  in  Fig. 2-6  show  that 
horizontal  cross  section  is  a  little  bit  greater  than  vertical 
case. 
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I.  INTRODUCTION 

In  a  large  number  of  microwave  remote  sensing  prob¬ 
lems,  accurate  knowledge  of  the  dielectric  constant  of  nat¬ 
ural  media  such  as  vegetation  leaves,  branches,  stems,  and 
soil  is  crucial  in  the  estimation  of  the  desired  biophysical 
parameters  from  the  measured  data.  In  the  conventional 
cavity  perturbation  method,  a  sample  of  the  test  mate¬ 
rial  with  dimensions  much  smaller  than  the  wavelength  is 
placed  in  a  high-quality-factor  microwave  cavity,  and  then 
the  resonant  frequency  and  the  quality  factor  of  the  loaded 
cavity  are  measured.  Comparing  the  resonant  character¬ 
istics  of  the  empty  (unloaded)  and  loaded  cavity,  one  can 
estimate  the  real  and  imaginary  parts  of  the  dielectric 
constant  from  analytical  expressions  based  on  the  pertur¬ 
bation  theory  [1].  Besides  practical  limitations  such  as  the 
cavity  and  sample  geometry  and  size,  a  major  drawback 
of  the  cavity  perturbation  method  is  its  lack  of  accuracy 
in  measuring  the  imaginary  part  of  the  dielectric  constant 
of  low-loss  dielectric  materials.  The  change  in  the  quality 
factor  of  the  cavity  is  proportional  to  the  total  dissipated 
power  in  the  dielectric  sample.  When  both  the  dielectric 
loss  tangent  and  the  sample  volume  are  very  small,  the 
change  in  the  quality  factor  becomes  extremely  small  and 
falls  within  the  measurement  errors.  To  circumvent  this 
difficulty,  larger  pieces  of  the  material  with  sizes  well  be¬ 
yond  the  limits  of  the  perturbation  theory  are  needed  so 
that  the  resulting  shift  in  the  cavity  characteristics  can  be 
measured  accurately. 

In  this  paper,  we  extend  the  resonant  cavity  technique 
for  dielectric  constant  measurement  beyond  the  limita¬ 
tions  of  the  perturbation  method.  The  new  approach 
incorporates  a  full- wave  simulation  of  the  loaded  cavity 
structure  into  the  inverse  measurement  problem.  Thus, 
the  size  of  the  material  sample  can  be  taken  arbitrarily 
large  as  long  as  it  does  not  disturb  the  coupling  mech¬ 
anism  of  the  resonator.  For  the  forward  measurement 


problem,  an  integral  formulation  of  the  related  boundary 
value  problem  is  developed  and  solved  numerically  using 
the  method  of  moments  (MoM).  The  MoM  results  are  val¬ 
idated  independently  by  comparing  to  the  results  based 
on  the  finite  element  method  (FEM).  For  the  inverse  mea¬ 
surement  problem,  a  numerically  efficient  inversion  algo¬ 
rithm  based  on  the  eigen-analysis  of  the  impedance  matrix 
is  employed.  In  this  algorithm  the  dependence  of  the  com¬ 
plex  dielectric  constant  on  the  inverse  of  the  impedance 
matrix  is  made  explicit,  thereby  establishing  simple  poly¬ 
nomials  relationships  between  the  dielectric  constant  and 
the  resonant  characteristics  of  the  cavity.  Both  forward 
and  inverse  problems  are  illustrated  through  simulation 
examples. 

IL  THE  FORWARD  PROBLEM 

Fig.  1  shows  the  geometry  of  a  rectangular  dielectric- 
loaded  cavity  resonator  with  typical  excitation  and  ob¬ 
servation  points.  The  sample  material  is  also  assumed  to 
have  a  rectangular  shape.  In  the  forward  measurement 
problem,  the  resonant  frequency  and  quality  factor  of  the 
loaded  cavity  resonator  are  to  be  determined  given  the 
complex  dielectric  constant  of  the  sample.  In  an  integral 
formulation,  the  dielectric  material  can  be  replaced  by  an 
equivalent  volume  polarization  current  Jpi^)  defined  in 
the  following  manner: 

Jpir)  =  jkoYo[e{r)  -  l]E{r),  (1) 

where  ^'o  and  Yq  =  1  JZq  are  the  propagation  constant  and 
characteristic  admittance  of  the  free  space,  respectively, 
((r)  is  the  relative  permittivity  as  a  function  of  the  po¬ 
sition  vector  r,  and  E(7>)  is  the  total  electric  field  in  the 
sample.  It  is  clear  that  Jp(r)  vanishes  outside  the  sam¬ 
ple  volume.  By  considering  the  dyadic  Green’s  function  of 
the  structure,  denoted  by  Geii'  \  one  can  incorporate 
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the  presence  of  the  cavity  resonator  into  the  integral  for¬ 
mulation  [2].  The  total  electric  field  at  every  point  inside 
the  cavity  is  then  expressed  in  the  following  form: 

E(r)  =  ^jkoZo  [  de{r  [  r') .  +  EHv)^ 

Jv 

(2) 

where  V  denotes  the  volume  occupied  by  the  dielectric 
sample,  and  E^{r)  is  the  incident  field  due  to  the  excita¬ 
tion.  Equations  (1)  and  (2)  lead  to  an  integral  equation, 
which  can  be  solved  numerically  using  the  method  of  mo¬ 
ments.  To  this  end,  the  unknown  electric  field  inside  the 
sample  is  discretized  using  standard  brick  elements  (3- 
D  pulse  basis  functions).  Using  Galerkin’s  technique  for 
testing,  the  integral  equation  is  reduced  to  a  linear  system 
of  the  following  form: 

K.a=b,  (3) 

where  K  is  the  moment  matrix,  and  a  and  b  are  the  am¬ 
plitude  and  excitation  vectors,  respectively.  By  solving 
this  linear  system,  the  unknown  amplitude  vector  is  de¬ 
termined,  and  from  (2)  one  can  compute  the  electric  field 
at  any  point  inside  the  cavity. 

A  rectangular  cavity  of  dimensions  4cm  x  3cm  x  2cm 
loaded  with  a  dielectric  sample  of  permittivity  e=6  is  con¬ 
sidered  as  an  example.  Fig.  2  compares  the  results  of  the 
MoM  and  FEM  codes  for  the  resonant  frequency  of  the 
loaded  cavity  as  a  function  of  the  ratio  of  the  sample  di¬ 
mensions  to  the  cavity  dimensions.  It  has  been  assumed 
that  the  material  sample  is  centered  on  the  floor  of  the 
cavity,  and  its  dimensions  are  similar  to  the  cavity  di¬ 
mensions  within  a  scale  ratio  of  ?*  =  a/ A  =  b/ B  —  cjC . 
Fig.  3  shows  the  resonant  response  of  the  same  cavity 
loaded  with  a  sample  of  dimensions  10mmx7.5mmx5mm 
(r  =  0.25).  In  this  case,  the  sample  has  a  complex  relative 
permittivity  of  e  =  6  —  jO.l  corresponding  to  a  loss  tan¬ 
gent  equal  to  tan  8  =  0.0167.  The  excitation  is  applied 
at  the  center  of  the  cavity  ceiling,  and  the  field  response 
is  sampled  at  the  opposite  point  on  the  cavity  floor.  The 
resonant  frequency  of  the  loaded  cavity  is  5.8428  GHz  and 
its  quality  factor  due  to  the  dielectric  loss  is  730.  Note 
that  in  this  case  the  volume  fraction  of  the  dielectric  sam¬ 
ple  is  1/64. 


III.  THE  INVERSE  PROBLEM 

From  a  transmission  measurement  one  can  determine 
the  shift  in  the  resonant  frequency  and  the  quality  factor 
of  the  cavity  due  to  the  material  loading.  Given  these 
information,  the  unknown  complex  dielectric  constant  of 
the  material  sample  is  sought  in  the  inverse  measurement 
problem.  The  solution  of  the  inverse  problem  is  greatly 


facilitated  if  we  exploit  an  interesting  feature  of  the  inte¬ 
gral  formulation  as  suggested  in  [3].  Note  that  by  taking 
the  polarization  current  as  the  unknown  quantity,  from 
(1)  and  (2)  we  can  derive  the  following  integral  equation: 

-  kl  /  §e(r  I  r').Jj,{v')dv'  = 

Jv 

jkoYoEHr).  (4) 


Now,  discretizing  equation  (4)  using  a  similar  MoM  ex¬ 
pansion  and  testing  it  by  Galerkin’s  technique  generates 
a  new  linear  system  of  the  following  form: 


Se-^I  -  Z 


.  a  =:::  6, 


(5) 


where  J  is  the  identity  matrix,  and  Z  is  another  matrix 
which  is  computed  by  the  numerical  integration  of  the 
dyadic  Green’s  function  over  the  brick  elements.  This 
latter  matrix,  however,  is  independent  of  the  unknown 
complex  permittivity  and  depends  only  on  the  geometry 
of  the  structure  as  well  as  the  frequency. 

In  the  inverse  problem  we  need  to  compute  the  Z  ma¬ 
trix  only  at  the  resonant  frequency  /o  and  one  3-dB  fre¬ 
quency  /i .  We  search  in  the  complex  6-plane  for  a  point 
e'  -  je"  which  maximizes  the  cavity  response  jit  /o,  and 
then  reduces  it  by  3  dB  at  /i.  Noting  that  Z  is  a  real 
and  symmetric  matrix,  it  can  be  decomposed,  according 
to  the  eigenvalue  theory,  in  the  following  manner: 

Z  =  Q.A.Q~\  (6) 

where  A  is  a  diagonal  matrix.  In  practice,  first  Z  is 
reduced  to  a  tri diagonal  matrix  using  the  Householder 
method,  and  then  we  compute  the  eigenvalues  and  eigen¬ 
vectors  of  the  tridiagonal  matrix  using  the  QR  algorithm 
[4].  It  can  be  shown  that  the  electric  field  at  any  point 
inside  the  cavity  can  be  written  in  the  following  way: 

E{ro)=H.Q.f{e).Q~\b,  (7) 

where  H  is  related  to  the  dyadic  Green’s  fmiction  and  is  a 
function  of  the  observation  point  7’o,  and  r(6)  is  a  diago¬ 
nal  matrix  who.se  diagonal  elements  are  rational  functions 
of  the  unknown  complex  dielectric  constant  e.  In  view  of 
equation  (7),  we  now  need  to  maximize  |  E(ro,/o5^)  I 
as  a  function  of  complex  c  subject  to  the  condition  that 
I  E{roJue)  ^  |  E(ro,/o,e)  |.  This  optimization 
problem  can  be  easily  solved  using  the  conjugate  gradi¬ 
ent  method  [4].  As  an  example,  consider  the  same  cav¬ 
ity  treated  in  the  forward  problem.  Given  the  measured 
resonant  frequency  and  quality  factor  of  the  loaded  cav¬ 
ity  to  be  /o  =5.8428  GHz  and  Q^=730,  the  unknown 
complex  dielectric  constant  of  the  sample  is  found  to  be 
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8.00 


€  =  6.006  —  ^0.0996.  The  maximization  process  is  illus¬ 
trated  in  Fig.  4,  which  shows  the  variation  of  the  magni¬ 
tude  of  the  electric  field  given  by  (7)  as  a  function  of  the 
the  real  part  of  the  dielectric  constant  c'. 


IV.  CONCLUSION 

An  efficient  full-wave  approach  has  been  presented  for 
the  solution  of  the  inverse  cavity  measurement  problem. 
This  rigorous  approach  does  not  suffer  from  the  limita¬ 
tions  of  the  conventional  perturbation  theory  and  is  ap¬ 
plicable  to  dielectric  samples  with  arbitrary  dimensions 
and  electrical  parameters. 
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Abstract  -  This  paper  presents  the  method  of  prompt  retrieval  of 
average  radius  and  variance  of  the  particle  sizes  of  the  medium.  The 
method  is  based  upon  the  scattering  effect  of  electromagnetic  wave  by 
medimn  consisting  of  closely  packed  discrete  scatterers,  when  the 
wavelength  is  comparable  to  scatteief’s  size.  In  this  case  transmission 
coefficient  will  depend  critically  on  electromagnetic  wavelength. 

Here  we  discuss  the  application  of  our  method  for  the  retrieval  of 
structure  parameters  of  the  test  samples  of  oil-bearing  rocks  (without 
oil).  It  is  necessary  to  know  these  parameters  for  prediction  of  oil 
outflow.  Oil  under  pressure  of  water  is  driven  out  from  rock  and  this 
process  depends  on  microstructure  of  oil-bearing  rocks.  It  is  shown  that 
the  rock  microstructure  parameters  deduced  from  our  method  agree 
with  those  obtained  from  photos  processing.  This  agreement  is  accurate 
to  10  %. 

INTRODUCTION 

We  have  studied  test  samples  of  oU-bearing  rocks  with 
different  physical  parameters  (density,  average  diameter 
(dg,,)  and  variance  (a)  of  the  particle  sizes).  Samples  were 
circular  cylinders  with  diameter  3  cm,  thickness  h=l-3 
cm  and  density  p=  1.6-2  g/cm^.  First  structure  type  of 
samples  had  single  distribution  of  particle  sizes  with 
da, -0.0035cm  and  a=30-60%  (Fig.1,3).  Second  type  had 
bimodal  distribution  with  da,L~  0.005cm,  0^=40-60% 
(Fig.2a,4b)andda„~0.00035cm,  ct  =40-60%  (Fig.2b,4a). 


Figure  1.  The  photograph  of  the  test  sample  surface  with  the  single 
distribution  of  particle  sizes. 

Microwave  spectrometer  based  upon  backward-wave 
tubes  was  used  for  measurement  of  transmission 
coefficient  P  in  frequency  range  150-600GHz.  Detector 
physical  temperature  was  4.2K.  Experimental  equipment 


made  possible  the  measurement  of  P  from  1  to  10'‘‘. 

MODEL  OF  FREQUENCY  DEPENDENCE  OF 
TRANSMISSION  COEFFICIENT 

Transmission  coefficient  of  medium  layer  is; 

P=TS^, 

where 

5'=exp  (- (2ics)  2)  [1]  ,ic=2n:/A, 

X  is  wavelength,  s  -  the  surface  roughness  variance  of  the 


Figure  2a.  The  photograph  of  the  test  sample  surface  with  the  bimodal 
distribution  of  particle  sizes  (magnification- 100*,  laige  particles). 


Figure  2b.  The  photograph  of  the  test  sample  surface  with  the  bimodal 
distribution  of  particle  sizes  (magnification- 1000*,  small  particles). 
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Figure  3.  Histogram  of  particle  sizes  and  its  approximation  by  log* 
normal  distribution  for  sample  with  single  distribution  of  particle  sizes. 


Figure  4a.  Histogram  of  small  particle  sizes  and  its  approximation  by 
log-normal  distribution  for  sample  withbimodal  distribution  of  particle 
sizes. 


Figure  4b.  Histogram  of  large  particle  sizes  and  its  approximation  by 
log-normal  distribution  for  sample  with  bimodal  distribution  of  particle 
sizes, 
sample, 

_ (l-r^)^exp(-T) _ 

1+r^exp  (-2x)  -2r^cos  (6)  exp  (-x) 

b=4Ti/Xhn',  x=^Tz/Xhn" 

r  is  the  Fresnel  reflection  coefficient,  n'  and  n"  are  the 
real  and  imaginary  parts  of  the  complex  refractive  index, 
h  is  the  layer  thickness. 

In  our  measurement  frequency  range  it  is  necessary  to 


take  into  account  the  scattering  by  closely  packed 
medium  particles.  The  model  of  effective  permittivity  [2] 
was  used  for  determination  of  the  complex  refractive 
index.  We  modeled  oil-bearing  rock  as  mixture  of 
spherical  particles  of  quartz  (p,=2.6  g/cm^)  with 
permittivity  e=8'+fe",  where  e'=4,  s’— 0.1-0.001. 

Effective  permittivity  for  medium  with  single 
distribution  of  particle  sizes  is: 

r  <f> 

47112  (e+2)--^ 

where  /„  is  the  amplitude  of  the  forward  scattering  of  the 
particles,  the  angle  brackets  denote  an  averaging  over  the 
sizes  of  the  ensemble  of  scatterers,  n  is  the  number  of 
particles  per  unit  volume: 


-B-=n^  f  d^4>(d)dd 
0 

where  (t)(d)  is  probability  density  of  log-normal 
distribution  of  particle  sizes. 

Effective  permittivity  for  medium  with  bimodal 
distribution  of  particle  sizes  is: 


^eff  I 


1-- 


/  <f  > 

4Jt{€+2) 

1 


+nr 


_j£L^ 


2eeff+€ 


where  </a>s  and  <^>l  are  the  amplitudes  of  the  forward 
scattering  of  the  small  and  large  particles  averaged  over 
the  sizes  of  the  ensemble  of  small  and  large  scatterers,  n, 
and  nL  are  the  numbers  of  small  and  large  particles  per 
unit  volume: 


^  0 

where  (t)(d  Jand  ^(dj)  is  probability  density  of  log-normal 
distribution,  d^  and  cIl  are  the  diameters,^  and^  are  the 
fractional  volumes  of  small  and  large  particles. 

Fig.  5,  6  show  frequency  dependencies  of  P  from  the 
experiment  and  those  calculated  from  our  model.  The 
drop  of  the  transmission  coefficient  when  wavelength 
decreases  is  associated  with  significant  increase  of 
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scattering  by  medium  particles.  For  comparison 
frequency  dependencies  of  P  calculated  from  refractive 
model  [3]: 


y^={v^-l)p/p^+l 

are  shown  in  Fig.5  (dashed  line).  This  model  is  used 
usually  to  find  out  the  effective  permittivity  of  soils  in 
wavelength  range  3-60  cm,  when  scattering  by  medium 
particles  is  small. 


Figure  5.  Experimental  and  calculated  frequency  dependencies  of 
transmission  coefficient  for  sample  with  single  distribution  of  particle 
sizes. 


Figure  6.  Experimental  and  calculated  frequency  dependencies  of 
transmission  coefficient  for  sample  with  bimodal  distribution  of  particle 
sizes. 

ALGORITHM  OF  RETRIEVAL  OF  MEDIUM 
STRUCTURE  PARAMETERS 


The  problem  of  retrieval  of  average  diameter  and 
variance  of  the  particle  sizes  of  the  medium  was  solved 
by  minimizing  of  error  function: 

F(d^^,0)--2^  - p  fX  ) - 

where  K)  IS  transmission  coefficient  at  the 

given  parameters  ,a  of  optimization  at  wavelength 

PcxiK)  is  experimental  value  of  transmission  coefficient 
at  the  same  wavelength.  To  set  the  boundaries  of  the 


retrieval  region  the  following  constraints  were  imposed: 
d^y  >  lO  '^cm,  30%  <  a  <  80%.  These  constraints  follow 
from  the  analysis  of  structure  parameters  of  samples 
under  investigation. 

We  applied  our  algorithm  for  retrieval  of  structure 
parameters  of  sample  with  single  distribution  of  particle 
sizes.  For  sample  with  1  cm  thickness  the  error  function 
has  minimum  at:  day=0.00365cm  and  a=64%  of  desired 
parameters.  The  errors  of  retrieval  of  desired  parameters 
are  for  d^y  -  9%  and  for  a  5%.  Fig. 7  shows 
normalized  error  function,  where  F^^ax  is  maximum  value 
of  error  function  at  range  30%  <  a  <  80%. 


Figure  7.  Nomialized  error  functio' 

CONCLUSION 

Structure  parameters  of  scattering  medium  are 
retrievable  from  frequency  dependence  of  transmission 
coefficient,  when  transmission  coefficient  depends 
critically  on  electromagnetic  wavelength.  Medium 
microstructure  parameters  deduced  from  our  method 
agree  with  those  obtained  from  photos  processing. 
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Absti'act  -  The  Canadian  RADARSAT  satellite  was  launched  in 
Autumn  1 995,  and  its  Synthetic  Aperture  Radar  (SAR)  instrument 
took  its  first  image  24  days  later.  This  paper  presents  results 
obtained  from  SAR  imaging  during  the  Commissioning  Phase  and 
early  in  the  Operational  Phase,  The  RADARSAT  SAR  has  been 
designed  to  be  very  versatile  in  its  operations,  producing  data  in 
a  wide  range  of  different  modes.  Selected  images  are  included  in 
this  paper  which  both  illustrate  these  capabilites  and  show 
interesting  imaging  features.  The  information  presented  covers  the 
frill  range  of  imaging  options  from  Fine  Resolution  Beams  to  the 
veiy  wide  coverage  ScanSAR  modes. 

INTRODUCTION 

The  RADARSAT  satellite  was  launched  on  4th  November  1995. 
The  Synthetic  Aperture  Radar  (SAR)  sensor  on  the  satellite  was 
first  switched  into  imaging  mode  on  28th  November,  and  the  first 
image  was  successfully  produced  within  four  hours  of  the  pass. 
During  the  Commissioning  Phase  of  the  mission,  all  the  imaging 
modes  of  tlie  SAR  were  successfully  demonstrated  and  a  large 
variety  of  images  were  produced.  The  RADARSAT  SAR 
instrument  [  1 ,2]  was  designed  to  provide  a  wide  range  of  imaging 
modes,  from  Fine  Resolution  imaging  to  very  wide  coverage 
ScanSAR  [3].  The  elevation  bearnforming  capabilities  of  the 
antenna  allow  imaging  down  to  incidence  angles  as  low  as  1 0 
and  as  high  as  60"^.  The  high  data  rate  recorders  on  the  satellite 
allow  images  to  be  taken  anywhere  in  the  orbit  for  subsequent 
downlink  to  a  Canadian  station. 

Tliis  images  in  tliis  paper  were  obtained  in  the  early  stages  of  the 
mission,  and  demonstrate  the  wide  ranging  capabilities.  Some 
interesting  imaging  features  shown  in  the  images  are  discussed. 

The  authors  of  this  paper  represent  the  companies  who  designed 
and  built  tlie  instrument  (Spar)  and  the  ground  processor  (MD  A), 
and  the  organisations  which  manage  tlie  satellite  operations  (CSA) 
and  tlie  distribution  of  data  (RSI). 

NADIR  AMBIGUITIES 

An  important  requirement  of  the  RADARSAT  SAR  was  that  it  be 
capable  of  imaging  any  point  within  a  wide  'accessibility  region’ 
of  over  500km  to  the  right  side  of  the  satellite.  A  set  of  seven 
beams  were  defined  to  meet  this  requirement,  each  covering  a 
swath  of  over  100km  with  at  least  10km  overlap.  These  beams, 
and  the  Pulse  Repetition  Frequencies  (PRFs)  to  be  used  with 
them,  were  defined  so  tliat  the  pulse  returns  from  the  area 
immediately  below  the  satellite  did  not  coincide  with  returns 
from  an  earlier  pulse  transmission  reflected  back  by  any  ^oint 


within  the  required  swath.  The  range  ambiguities  from  the  nadir 
region,  commonly  referred  to  as  'nadir  ambiguities’,  are 
potentially  very  strong  because  the  reflection  is  specular.  In  the 
RADARSAT  design,  the  criterion  that  was  adopted  was  that  the 
nadir  return  after  range  compression  (i.e.  only  a  fraction  of  a 
microsecond  in  duration)  should  fall  outside  the  required  swath. 
This  is  a  much  less  stringent  requirement  than  that  adopted  in 
many  handbooks  (e.g.  [4]),  where  the  nadir  return  before 
compression  (i.e.  typically  tens  of  microseconds)  must  not  overlap 
the  return  from  the  swath. 

In  early  imaging  operations  with  RADARSAT,  a  longer  period  of 
the  pulse  return  was  sampled  than  was  required  to  image  the 
nominal  swath.  This  allowed  the  nadir  ambiguity  to  be  examined 
at  the  edge  of  some  images.  An  example  is  given  as  Fig.  1 .  This 
image  shows  the  region  around  Vancouver,  British  Columbia,  and 
was  taken  with  Wide  Swath  Beam  2.  The  nominal  width  of  the 
swath  from  this  beam  is  1 50km,  but  the  receive  window  had  been 
extended  to  allow  imaging  of  160km.  The  nadir  ambiguity  line  can 
be  seen  in  the  additional  coverage  at  the  left  of  the  image.  In  this 
image,  the  nadir  ambiguity  is  only  clearly  visible  against  the 
relatively  weak  returns  of  the  sea,  but  in  other  images  it  is 
significantly  stronger,  varying  in  strength  according  to  the  surface 
beneath  the  satellite.  In  all  cases,  however,  the  nadir  ambiguity  is 
confined  to  a  very  narrow  width.  This  is  in  accordance  with  the 
analysis  which  underlay  the  RADARSAT  beam  and  PRF 
definition,  and  demonstrates  that  this  is  the  correct  criterion  for 
'timing-out’  the  nadir  return. 

WIDE  ANGULAR  ACCESS 

The  RADARSAT  SAR  was  designed  to  image  over  a  wide  range 
of  angles  to  the  side  of  the  satellite  so  as  to  increase  access  to  any 
ground  location  and  to  allow  choice  of  an  imaging  angle  which  is 
optimum  for  a  given  application.  The  basic  requirement  for  the 
SAR  was  that  it  be  able  to  image  from  20°  incidence  angle  to 
50  ° .  This  range  is  extended  with  a  set  of  High  and  Low  Incidence 
Beams  to  cover  from  10°  to  60°,  equivalent  to  a  total 
accessibility  region  of  about  900km.  The  value  of  this  wide 
angular  access  was  demonstrated  in  late  February  when  a  request 
was  received  to  image  the  oil  spill  from  the  tanker  grounded  off 
the  coast  of  Wales.  Two  images  were  taken  on  consecutive  days 
using  High  Incidence  Beam  5  and  Standard  Beam  1 , 
corresponding  to  incidence  angles  of  about  57  °  and  23  ° .  The 
second  of  these  is  shown  as  Fig.  2.  A  further  four  imaging 
opportunities  were  available  within  a  week  of  the  request.  This 
pair  of  images  also  illustrates  the  value  of  a  choice  of  imaging 
angles.  For  this  application,  the  steeper  angles  of  the  illustrated 
image  are  ideal  because  the  oil  shows  up  very  clearly  against  the 


0-7803-3068-4/96$5.00©1996  IEEE 


1352 


sea  return,  whereas  the  contrast  is  lost  at  the  high  angles  where  the 
sea  backscatter  is  also  low.  For  another  application,  such  as 
detection  of  boats,  tlie  reverse  would  be  true,  and  the 
RADARSAT  SAR  has  the  ability  to  meet  both  sets  of  needs. 

SCANSAR  IMAGING 


the  satellite  to  the  suspension  and  on  the  reverse  journey.  (Signals 
reflected  just  once  by  the  water  and  once  by  the  suspension 
coincide  with,  and  are  hidden  by,  signals  from  the  bridge  base.) 

SUMMARY 


Since  the  first  image  was  taken  in  late  November  1995,  the 
The  ScanSAR  imaging  mode  [3]  was  incorporated  into  the  RADARSAT  SAR  has  successfiilly  been  producing  high  quality 

RADARSAT  SAR  design  in  order  to  provide  very  large  scale  images  in  all  its  modes.  Examples  of  images  covering  the  full 

coverage  for  applications  such  as  ice  monitoring.  The  standard  ranges  of  incidence  angles,  swath  widths  and  resolutions  are 

ScanSAR  configurations  of  the  system  produce  images  of  about  shown  in  this  paper.  At  the  time  of  writing,  RADARSAT  was 

300  and  500km,  combining  the  coverage  of  two,  three  or  four  nearing  the  end  of  its  Commissioning  Phase.  Images  are  already 

beams.  The  first  attempt  to  produce  a  ScanSAR  image  was  made  being  supplied  to  customers,  and  routine  service  is  expected  to 

on  1 3th  December,  and  a  good,  geometrically-accurate  image  was  begin  early  in  Spring  1 996. 

again  obtained  within  hours  of  the  pass.  Since  early  February,  a 

regular  supply  of  ScanSAR  images  has  been  provided  to  the  ACKNOWLEDGEMENTS 

Canadian  Ice  Centre,  who  have  always  been  identified  as  an 

important  customer  for  RADARSAT  data.  Examples  of  this  The  successful  implementation  of  the  RADARSAT  instrument 
imagery  will  be  shown  at  the  symposium.  would  not  have  been  possible  without  the  contributions  of  many 

people  at  the  authors'  companies  and  organisations,  and  at 
FINE  RESOLUTION  IMAGING  subcontractors  such  as  CAL  Corp.,  ComDev,  xSED  and  Domier. 

All  images  in  this  paper  are  courtesy  of  RADARSAT 
In  addition  to  the  standard  multi-look  images  with  20-25m  International  and  €)  Canadian  Space  Agency, 
resolution  shown  in  Fig.  1 ,  the  RADARSAT  SAR  can  provide 

fine  resolution  images  using  a  wide  bandwidth  pulse.  This  mode  REFERENCES 

has  been  shown  to  provide  resolutions  better  than  8m  in  each 

dimension,  and  has  been  used  extensively  during  the  early  months  [  1  ]  R.K.  Raney,  A.P.  Luscombe,  E.  J.  Langham,  and  S.  Ahmed, 

of  the  mission  in  combination  with  the  on-board  recorders  to  “RADARSAT",  Proc.  IEEE,  79,  pp.  839-849,  1991. 

produce  fine  scale  images  of  sites  around  the  world  for  publicity  [2}  A.P.  Luscombe,  I.  Ferguson,  N.  Shepherd,  D.G.  Zimcik  and 

purposes.  An  example  showing  the  harbour  in  Osaka,  Japan  is  P.  Naraine,  “The  RADARxSAT  SAR  Development", 

shown  (in  negative)  as  Fig.  3.  The  suspension  bridge  produces  a  Canadian  J.  Remote  Sensing,  Vol.  19,  pp.  298-3 10,  1993. 

particularly  interesting  image  feature,  with  the  raised  structure  [3]  A.P.  Luscombe,  “Taking  a  Broader  View:  Radarsat  Adds 

appearing  first  to  the  right  of  the  bridge,  but  also  on  the  far  side.  ScanSAR  to  its  Operations,  Proc.  IGARSS  *^88,  1 027-32. 

Tliis  reflected  image  is  so  clear  in  this  image  because  of  the  veiy  [4]  J.C.  Curlander  and  R.N.  McDonough,  Synthetic  Aperture 

calm  water  surface,  which  reflects  the  pulse  on  both  the  path  from  Radar,  Wiley,  1991. 


Figure  1:  Vancouver,  British  Columbia 
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Abstract  -  The  Advanced  Synthetic  Aperture  Radar  (AS AR) 
selected  for  the  ENVISAT-1  mission  of  the  European  Space 
Agency,  represents  a  sensor  of  paramount  importance  for  the 
remote  sensing  community  due  to  its  enhanced  flexibility 
with  respect  to  the  ERS  AMI  synthetic  aperture  radar.  The 
unique  combination  of  different  spatial  resolutions,  incidence 
angles,  swath  width  sizes  and  polarisation  diversity  will 
reflect  in  an  increased  number  of  operational  modes  tailored 
for  a  large  set  of  scientific  and  operational  applications.  The 
use  of  an  active  antenna  concept  for  tailoring  the  transmit  and 
receive  elevation  beams  to  different  mode  geometry,  a  digital 
generation  waveform  technique  for  obtaining  variable  time- 
bandwidth  products  and  a  Block  Adaptive  Quantization 
compression  scheme  are  among  the  innovative  design  features 
of  tiiis  radar.  In  this  paper,  the  status  of  the  ASAR 
instrument  development  will  be  described,  the  accomplished 
project  milestones  will  be  highlighted  together  with 
preliminary  instrument  performances. 

INTRODUCTION 

After  the  development  of  the  ERS-1/2  SARs,  ESA  is 
planning  the  launch  of  the  ENVISAT-1  ASAR  in  order  to 
consolidate  and  enlarge  the  mission  objectives  of  the  previous 
AMI  SARs.  The  unique  capability  of  imaging  a  large  range 
of  incidence  angles  with  high,  medium  and  low  spatial 
resolutions  combined  with  a  multi-polarisation  capability  and 
adaptable  swath  widths  will  assign  to  this  sensor  a  role  of 
primary  importance  among  the  future  microwave  imaging 
sensors. 

ASAR  will  exploit  its  intrinsic  design  flexibility  through 
five  operational  modes.  The  Image  mode  will  generate  high 
spatial  resolution  data  products  (30  m)  similar  to  the  AMI 
SAR,  imaging  one  of  the  seven  swaths  located  over  a  range 
of  incidence  angles  spanning  from  15^  to  45*^.  The  Wave 
mode  will  generate  vignette  sizes  of  5  by  5  km  spaced  100 
km  along-track.  The  main  difference  with  the  previous  AMI 
Wave  mode  will  be  the  capability  to  locate  the  vignette  in 
any  of  the  seven  swaths  and  the  introduction  of  a 
compression  scheme  (B  AQ)  to  reduce  the  data  rate  and  allow 
on-board  storage  without  the  need  of  on-board  range 
compression.  The  Wide  Swath  and  Global  Monitoring  modes 
are  based  on  Scansar  processing  and  will  generate  wide  swath 
products  (4(X)  km)  with  spatial  resolution  of  150  m  and  KXX) 
m  respectively.  These  modes  will  all  be  operated  in  one  of 
the  two  copolar  polarisations,  HH  or  VV.  The  Alternating 


Polarisation  Mode  will  provide  images  from  the  same  area  in 
both  HH  and  VV  ,  HH  and  HV  or  VV  and  VH.  This  mode 
will  utilise  the  same  imaging  geometry  as  the  Image  mode, 
similar  high  spatial  resolution  but  reduced  radiometric 
performances  due  to  the  combined  operation  in  the  two 
polarisations. 

ASAR  FUNCTIONAL  DESCRIPTION 

The  ASAR  instrument  consists  of  two  main  elements:  the 
Central  Electronics  (CESA)  and  the  Antenna  Subassembly 
(ASA)  as  shown  in  Fig.  1.  The  active  antenna  contains  20 
tiles  with  16  Transmit/Receive  (T/R)  modules  each.  The 
instrument  is  controlled  by  its  Control  Subsystem,  which 
provides  the  command  and  control  interface  to  the  satellite 
and  maintains  and  manages  the  distribution  and  database  of 
operation  parameters  such  transmit  pulse,  antenna-  beam  and 
timing  characteristics.  The  transmit  pulse  characteristics  are 
set  in  the  Data  Subsystem  the  output  of  which  is  an  up-chirp 
pulse  centred  at  the  IF  carrier  (124  MHz).  In  the  RF 
Subsystem  the  pulse  is  amplified  and  up-converted  to  the  RF 
frequency  (5.331  GHz).  The  signal  is  then  passed  to  the  Tile 
Subsystem  through  a  waveguide  distribution  network  and 
consequently  to  each  individual  T/R  module  using  a 
microstrip  corporate  feed.  The  T/R  modules  apply  phase  and 
gain  change  according  to  the  preselected  beam  characteristics 
which  have  been  transmitted  from  the  Control  Subsystem  and 
locally  stored  in  each  Tile  Control  Interface  Unit.  In  receiving 
the  reciprocal  operation  is  performed. 
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Fig.l  ASAR  Functional  Diagram 
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ACTIVE  PHASE  ARRAY  ANTENNA 

The  ASAR  active  antenna  is  a  1.3  m  x  10  m  phased  array. 
The  antenna  consists  of  five  1.3  m  x  2  m  panels  which  are 
folded  over  for  launch.  Each  panel  is  formed  by  four  0.65  m  x 
1  m  tiles  mounted  together.  Each  tile  consists  of  16  linear 
subarrays  of  24  dual-polarised  radiating  elements.  Each 
subarray  is  connected  to  a  T/R  module  with  independent 
connection  for  the  two  polarisations. 

The  Antenna  System  is  broken  down  in  three  subsystems: 
The  Antenna  Services  Subsystem  (ASS),  the  Tile  Subsystem 
(TSS)  and  the  Antenna  Power  Switching  and  Monitoring 
Subsystem  (APSM). 

Antenna  Services  Subsystem:  The  antenna  is  based  on  a 
mechanical  structure  consisting  of  five  CFRP  frames 
connected  by  deployment  mechanisms  with  actuators,  hinges 
and  latches  and  hold-down  and  release  mechanisms.  The 
antenna,  with  the  four  panels  folded  over  a  fixed  central  one, 
is  held  down  with  eight  mechanisms  during  launch.  After 
release  in  orbit,  the  deployment  is  performed  with  four 
stepper  motors  and  four  hinge  lines  up  to  the  final  latching 
with  the  eight  built-in  latches.  A  specific  unit  contains  the 
electronics  for  driving  and  controlling  the  release,  deployment 
and  latching  of  the  antenna  once  in  orbit.  The  RF  distribution 
is  served  through  a  set  of  CFRP  waveguides  along  the  five 
panels.  A  parallel  waveguide  distribution  system  is  used  for 
the  calibration  channel. 

Tile  Subsystem:  Each  of  the  twenty  tiles  contains  16 
subarrays  each  one  fed  by  a  T/R  module.  The  subarrays  and 
the  modules  are  mounted  on  a  supporting  plate,  thermally  and 
mechanically  decoupled.  The  subairays  are  formed  by  24 
X-diameter  ring  slot  radiating  elements,  electrically  coupled 
to  a  dual-polarisation  low-loss  dispersion-free  triplate  feeding 
system  which  provides  a  constant  phase  and  amplitude 
illumination. 

The  measured  radiating  characteristics  of  the  subarrays  are 
showing  a  gain  of  20.5  dB,  loss  of  1.5  dB,  VSWR  of -18  dB 
and  a  very  good  crosspolarisation  better  than  —35  dB  for  both 
polarisations. 

Transmitter/Receiver  Modules.  Each  module  consists  of  two 
(H/V)  transmit  and  one  common  receive  chains,  which 
amplify  and  control  the  signal  of  each  individual  subarray,  in 
phase  and  amplitude.  These  functions  are  implemented  using 
MMIC's.  The  input  Phase  Shifter  (5  bits)  is  controlling  the 
Tx/Rx  signal,  a  SP3T  selects  either  Tx  (H/V)  or  Rx  chains. 
On  the  Tx  chain  a  VGA  provides  42  dB  of  control  range,  the 
output  power  is  provided  by  a  Telettra  SSPA  (10  W  at  1  db 
compression,  30%  efficiency).  The  connection  to  the 
subarrays  is  made  via  a  Circulator/Isolator/Passive-Limiter 


(0.25  dB  insertion  loss  in  Tx,  1  dB  in  Rx,  35  dB  isolation),  a 
1.3  dB  NF  LNA  (Siemens  HEMTs)  is  connected  to  the 
limiter,  a  SPOT  switches  the  V/H  Chain  to  the  common  Rx 
path.  For  Calibration  Purposes,  a  coupler  (-24  dB)  has  been 
implemented  at  the  output  of  the  module  to  the  antenna. 

The  T/R  Module  is  commanded  by  a  serial  link  consisting 
of  3  signals:  a  data  signal,  a  gate  control  signal  and  a  strobe 
signal.  The  temperature  of  each  T/R  Module  is  monitored 
and  used  for  correction  of  amplitude  and  phase  setting.  The 
pulse  power  within  the  Module  is  taken  from  a  tantalum 
capacitor  which  provides  the  high  currents  required  by  the 
SSPA  during  transmit. 

The  control  functions  within  the  Tile  are  achieved  by  a 
Tile  Control  Interface  Unit  (TCU)  which  is  carrying  out  local 
control  of  the  T/R  Modules  including  temperature 
compensation  and  beamforming  setting,  it  is  transferring  data 
and  interfacing  to  the  Control  Subsystem.  There  is  one  TCIU 
per  Tile  using  internal  duplication  for  redundancy  puiposes. 

USE  OF  DIGITAL  TECHNOLOGIES  FOR  SIGNAL 
GENERATION  AND  PROCESSING 

Compared  to  ERS-1&ERS-2  which  were  using  SAW 
devices  for  analog  chirp  generation  and  On  Board  Range 
Compression,  ASAR  is  using  more  extensively  digital 
technologies  for  on  board  chirp  generation  and  data  reduction 
for  temporary  storage,  associated  with  On  Ground  Range 
Compression. 

A  fundamental  advantage  of  using  digital  chirp  generation 
in  the  inherent  flexibility  of  such  a  design  which  allows  for 
chirp  versatility  in  terms  of  pulse  duration  and  bandwidth, 
thus  accommodating  efficiently  the  various  requirements 
associated  with  the  high  number  of  available  operational 
modes  and  swaths  of  the  instrument. 

In  the  ASAR  instrument,  the  transmit  chirp  characteristics 
are  set  by  macrocommand  from  the  Control  Subsystem  to  the 
Data  Subsystem  by  writing  chirp  coefficients  into  the  Data 
Equipment  processor.  This  processor  then  calculates  the  In- 
phase  and  Quadrature  components  of  the  baseband  signal  to 
be  generated  in  the  form  of  two  digital  tables  in  the  Chirp 
Memory.  This  memory  can  store  up  to  128  chirps  of  2040  x 
8-bit  samples  per  I  &  Q  channel  each.  Once  the  triggering  of 
the  transmit  chirp  occurs,  the  contents  of  the  two  tables 
corresponding  to  the  selected  chirp  are  sequentially  red  and 
transferred  to  a  pair  of  low  glitch  impulse  DAC  operating 
with  a  38.4  MHz  clock  in  order  to  generate  the  baseband  I  & 
Q  signals.  These  signals  are  then  fed  to  image  rejection 
mixers  for  further  IF  baseband  modulation  in  the  Data 
Subsystem  and  upconversion  to  C  band  in  the  RF 
Subsystem. 
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At  reception,  the  IF  echo  signal  is  first  demodulated  into  I 
&  Q  components  of  the  IF  carrier.  These  two  signals  are  then 
both  digitised  into  8  bit  samples  at  19.2  MHz  following  anti¬ 
aliasing  filtering.  It  is  then  possible  to  perform  some  digital 
decimation  of  the  samples  by  simply  transmitting  only  one 
in  every  N  samples,  if  required,  in  order  to  reduce  the  data 
stream,  such  as  in  Global  Monitoring  mode  where  the 
transmit  bandwidth  is  lower  than  1  MHz.  Following  this 
decimation,  a  FB  AQ  scheme  is  applied  for  the  echo  samples. 

The  developed  FB  AQ  ASIC  can  be  operated  in  three  main 
modes:  Compression  mode  according  to  BAQ  algorithm. 
Bypass  mode  and  Noise  mode.  In  compression  mode,  each  8- 
bit  sample  value  is  compressed  to  a  selectable  4,  3  or  2-bit 
sample  value.  By  writing  into  the  control  register,  the 
operation  mode  of  the  ASIC  can  be  selected  individually  for 
each  data  type  (echo,  calibration  and  noise).  The  BAQ 
Compression  mode  is  selected  for  echo  data,  bypass  mode 
(thus  preserving  the  full  8-bit  quantization  for  calibration 
purposes)  for  calibration  data,  noise  data. 

The  Data  Equipment  also  contains  a  Science  Memory 
where  the  echo  samples  are  then  temporary  stored  before  their 
transmission  to  the  platform  on-board  tape  recorders  in  Wave, 
Global  Monitoring  and  Module  Stepping  modes  (low  rate 
modes).  The  Science  Memory  consists  of  two  banks  of 
DRAM  memory  with  IM  x  1  bit  each.  It  is  therefore 
possible  to  read  from  one  bank  while  writing  into  the  other. 


TM/TC  from 
Control  S/S 


effects  and  ageing.  Interleaving  these  calibration  pulses  with 
science  data  during  all  operational  modes  and  downlinking  the 
sampled  calibration  pulses  and  noise  measurements  with 
these  data  will  allow  for  corrections  in  the  ground  processor. 

Additionally  to  the  internal  calibration,  an  antenna  in  flight 
characterisation  using  the  external  characterisation  mode  is 
performed  every  6  months.  During  this  activity,  a  sequence  of 
transmit  pulses  is  simultaneously  sensed  by  the  antenna 
calibration  loop  and  recorded  on  ground  by  a  specially  built 
ground  receiver  in  order  to  provide  comparative  values  for 
further  corrections  at  ground  processor  level. 

The  external  calibration  objective  is  to  derive  the  overall 
calibration  scaling  factor.  The  successful  methodology 
developed  for  ERS-1/2  will  be  reused  for  the  narrow  swath 
modes.  Three  specially  built  high  precision  transponders  with 
a  radar  cross  section  high  enough  compared  to  background 
radar  reflectivity  and  noise  will  be  deployed  across  ASAR 
swath  and  observed  several  times  every  35  day  orbit  cycle. 
Images  acquired  over  suitable  areas  of  the  amazon  rain  forest 
will  be  used  to  also  derive  the  in-flight  elevation  antenna 
pattern.  Absolute  calibration  factors  derived  from  transponder 
measurements  and  across  swath  correction  derived  from  radar 
equation  will  be  used  to  calibrate  the  final  image  product. 

CONCLUSION 

Since  ENVISAT-1  programme  approval  by  The  European 
Space  Agency  in  December  1993,  ASAR  development  has 
significantly  progressed.  Preliminary  EM  model  subsystems 
test  results  are  demonstrating  the  suitability  of  the  selected 
design  approach  and  FM  manufacturing  is  starting  this  year. 


Fig.  2  ASAR  DATA  Equipment  simplified  block  diagram. 

THE  ASAR  INSTRUMENT  CALIBRATION 

The  internal  calibration  system  objective  is  to  derive 
instrument  internal  path  transfer  function  and  to  perform 
noise  calibration.  The  internal  calibration  system  provides 
distinct  calibration  paths  to  the  320  T/R  modules.  This 
enables  transmit  pulses  at  the  output  of  each  module  to  be 
individually  sampled  and  also  allows  pulses  to  be  injected  in 
the  receive  path  of  any  module.  The  designed  calibration 
loops  include  all  the  active  circuits  of  the  instrument  and 
allow  for  monitoring  of  all  drifts,  including  temperature 
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ABSTRACT 

With  the  successful  launch  of  Radarsat  in  November  of 
1995,  the  Alaska  SAR  Facility  (ASF)  at  the  University  of 
Alaska,  Fairbanks  (UAF)  will  soon  be  handling  SAR  data 
from  four  operational  satellites  (ERS-1,  ERS-2,  JERS-1,  and 
Radarsat)  at  the  same  time.  Coming  upon  the  conclusion  of  3 
years  of  intensive  planning,  design,  and  implementation  activ¬ 
ities,  ASF  will  be  ready  mid-1996  to  fulfill  its  role  in  provid¬ 
ing  SAR  data  acquisition,  processing,  and  archive  services  in 
support  of  the  Science  community. 

ASF  has  been  in  operations  since  1991;  initially  supporting 
ERS-1  users.  It  has  grown  from  the  simplicity  of  handling  just 
one  satellite,  ERS-1,  into  a  complex  organization  dealing  with 
multi-national  data  providers  and  users.  It  has  also  gradually 
over  the  years  expanded  its  services  and  is  becoming  more 
user  driven  in  the  form  of  its  operations. 

This  paper  chronicles  the  progression  and  development  of 
the  ASF;  with  special  attention  given  to  its  organization  and 
structure  in  the  current  Radarsat  era.  Special  treatment  is 
given  on  describing  in  detail  the  end  to  end  system  data  flow 
and  operations  scenarios  which  serve  to  provide  the  Science 
users  insight  into  fully  exploiting  the  ASF  capabilities. 

INTRODUCTION 

The  Alaska  SAR  Facility  (ASF)  performs  as  the  ground 
data  system  for  the  acquisition,  processing,  archives,  and  dis¬ 
tribution  of  Synthetic  Aperture  Radar  (SAR)  and  SAR  related 
products  for  the  science  community  whose  interest  include 
polar  oceanography,  glaciology,  geology,  hydrology,  and  ecol¬ 
ogy.  ASF  is  a  cooperative  facility  between  National  Aeronau¬ 
tics  and  Space  Administration  (NASA)  and  University  of 
Alaska,  Fairbanks  (UAF)  in  which  Jet  Propulsion  Laboratory 
(JPL)  has  the  system  engirieering,  development,  and  imple¬ 
mentation  responsibilities.  [1] 

Currently,  ASF  maintains  support  for  three  research-ori¬ 
ented  satellites  which  carry  a  SAR  instrument.  First  was  the 
European  Space  Agency’s  (ESA)  first  Earth  Remote  Sensing 
satellite  (ERS-1)  which  was  launched  in  1991.  The  second 


was  the  National  Space  Development  Agency  (NASDA)  of 
Japan’s  Earth  Resources  Satellite  (JERS-1)  which  was 
launched  in  1992.  The  third  was  ERS-2,  which  is  the  follow- 
on  to  ERS-1  and  was  launched  in  the  spring  of  1995.  On 
November  4,  1995,  Canadian  Space  Administration  (CSA) 
launched  RADARSAT  which  provides  SAR  data  for  scientific 
applications  and  for  operational  missions. 

Although  the  original  intensions  by  ESA  were  to  replace 
ERS-1  operations  with  ERS-2,  ESA  and  the  science  commu¬ 
nity  have  found  the  use  of  tandem  operations  of  the  two  SAR 
instruments  invaluable  in  enhancing  the  value  of  the  mission 
data  despite  the  added  complexity  of  doubling  the  volume  of 
data. 

The  JERS-1  primary  mission  of  3  years  to  map  the  earth’s 
land  surfaces  have  been  achieved  by  NASDA;  however  many 
new  science  projects  have  come  to  take  advantage  of  the  L- 
band  SAR  data.  The  volume  of  new  JERS-1  data  has  not 
diminished  with  time. 

These  satellites  continue  to  challenge  ASF  by  presenting 
science  with  a  plethora  of  capabilities  including  synergism 
from  multi-satellites,  added  look  angles,  super  wide  swath 
coverage  (via  ScanSAR),  and  potential  for  accurate  terrain 
information  (via  interferometry).  And  as  one  of  the  Distrib¬ 
uted  Active  Archive  Centers  (DAAC)  that  supports  interdisci¬ 
plinary  earth  science  research  for  the  Earth  Science  Data  and 
Information  System  (ESDIS),  ASF  is  required  to  conform  to 
standards  and  inter-operability  requirements  adopted  by  the 
NASA  Earth  Science  community.  [2] 

RADARSAT 

ASF  expects  to  acquire  120  minutes  of  data  per  day  and 
process  upon  demand  up  to  80  minutes  of  that  to  SAR  images 
and  related  products.  Radarsat  distinguishes  itself  from  ERS- 
1,  ERS-2,  and  JERS-1  with  the  added  capability  to  electroni¬ 
cally  steer  and  spoil  the  radar  beam  to  achieve  wide  range  of 
look  angles,  resolutions,  and  footprints.  Of  particular  signifi¬ 
cance  is  the  ScanSAR  mode  in  which  various  beams  are  com¬ 
bined  to  achieve  a  wider  swath  of  up  to  500  KM.  Similar  to 
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JERS-1,  Radarsat  has  an  on-board  recorder  which  allows  it  to 
save  the  observation  data  taken  almost  anywhere  on  the  earth 
and  downlink  it  later  when  it  passes  over  one  of  the  receiving 
stations. 

McMURDO  STATION 

The  National  Science  Foundation  in  conjunction  with 
NASA  has  installed  a  receiving  station  at  the  US  facility  in 
McMurdo,  Antarctica.  Although  the  antenna  schedules  are 
managed  by  Wallops  Flight  Facility  (WFF),  ASF  however  has 
the  responsibility  to  continue  to  interface  to  the  various  flight 
agencies  for  SAR  data.  Therefore,  ASF  is  required  to  assem¬ 
ble  integrated  schedules  and  satellite  orbit  information  for 
WFF  on  a  daily  basis.  Once  the  data  is  collected  to  tape  at 
McMurdo,  the  reception  and  tape  information  are  sent  from 
McMurdo  via  WFF  to  ASF,  who  then  reports  to  the  flight 
agencies  on  the  reception  activities.  The  recorded  tapes  are 
sent  in  bulk  at  a  later  date  to  ASF  for  processing. 

FRAMES 

Up  until  now  ASF  SAR  data  were  divided  into  images 
somewhat  arbitrarily  based  on  when  the  first  data  observations 
were  made.  The  resulting  image  frames  make  the  task  of  over¬ 
laying  images  from  repeating  orbits  one  of  patchwork  at  best. 
ASF  now  has  defined  frames  which  are  fixed  to  earth  latitude 
so  that  images  from  repeating  orbits  will  have  the  same  center 
latitude  and  longitude.  The  center  latitudes  of  the  images  will 
be  fixed  relative  to  the  equator  at  approximately  40  KM  spac¬ 
ing  between  image  centers.  For  100  KM  size  images,  it  is  nec¬ 
essary  only  to  order  every  other  frame.  For  the  largest  images 
of  500  KM,  it  is  necessary  only  to  order  every  lOlh  frame  and 
still  retain  a  fair  overlap  between  adjacent  images. 

END-TO-END  DATA  FLOW 

The  end-to-end  data  flow  has  two  major  flows  representing 
two  ways  that  user  can  request  data:  first,  the  user  can  request 
products  by  data  acquisitions,  and  second  the  user  can  request 
products  by  frames.  Frame  is  the  unit  of  data  which  can  be 
ordered  from  ASF. 

Fig.l  provides  a  block  diagram  of  the  ASF  for  the  Radarsat 
era.  Because  Data  Acquisition  Requests  (DARs)  parameters 
include  times  and  areas  which  can  map  to  many  frames  that 
may  never  get  scheduled,  ASF  has  chosen  to  wait  until  a  DAR 
is  “planned”  before  the  ASF  catalog  is  populated  with  frames. 

In  the  DAR  data  flow,  the  users  enter  their  DARs  into  the 
ASF  using  the  User  Client  software  provided  as  an  extension 
to  the  EOS  Data  Information  System  (EOSDIS)  Information 
Management  System  (IMS)  Version  0  (VO)  user  interface 
[3].  The  DAR  is  tracked  as  a  user  order  and  assigned  a 
unique  order  id.  The  Acquisition  Planning  Subsystem  (APS, 
see  Fig.  1)  retrieves  the  DARs  and  with  directives  from  the 


Acquisition  Planner  maps  the  DARs  to  specific  swaths  of 
SAR  data  that  meet  the  user  requirements.  These  swaths  are 
then  sent  as  request  to  the  flight  agencies  (ESA,  NASDA,  or 
CSA).  Once  the  agencies  have  planned  the  swaths,  ASF  then 
provides  the  frames  which  are  computed  from  the  swaths  in 
the  ASF  catalog.  At  this  point  (anywhere  from  1  to  8  weeks  in 
advance  of  the  event),  the  user  is  able  to  order  products  for  the 
frames  that  are  found  in  the  catalog.  This  feature  is  one  of  the 
main  capabilities  of  the  new  system  that  was  not  available  in 
the  older  versions  of  ASF.  In  the  old  system,  the  user  needed 
to  wait  until  the  data  was  collected  and  processed  before  the 
frames  appeared  in  the  catalog. 

At  about  1  day  to  1  week  in  advance  of  the  data  observa¬ 
tion,  the  foreign  flight  agencies  will  send  schedules  of 
datatakes  for  ASF  and  McMurdo  to  the  Flight  Agency  Inter¬ 
face  Function  (see  Fig.  1).  These  are  then  turned  into  a  set  of 
integrated  schedules  by  the  APS  and  sent  to  the  appropriate 
antenna  system  along  with  the  predicted  state  vectors.  Once 
the  antenna  systems  have  captured  the  data  to  a  recording 
media,  the  user  request  for  the  DAR  is  complete. 


Fig.  1.  Block  Diagram  of  ASF  for  the  Radarsat  era. 


In  the  frame  based  request  handling,  any  time  after  the 
frames  have  been  catalogued  in  the  IMS,  a  user  through  the 
user  client  for  the  EOSDIS  IMS  VO  searches  the  catalog, 
identifies  the  desired  frames,  and  selects  one  of  the  many  data 
sets  and  packaging  options.  In  Table  1,  the  list  of  data  sets 
that  are  available  from  ASF  in  mid- 1996  are  given.  The  list 
will  change  and  grow  as  ASF  continues  to  evolve. 
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Table  1:  Available  ASF  data  sets  in  1996 


ERS-1 

ERS-2 

JERS-1 

Radarsat 

Continuous 

ScanSAR 

CCSb 

X 

X 

X 

Complex 

X 

X 

X 

X 

Raw  Signal  Data 

X 

X 

X 

X 

X 

Low  Res 

X 

X 

X 

X 

X 

Full  Res 

X 

X 

X 

X 

X 

Medium  Res 

X 

Geocoded  low  res 

X 

Geocoded  full  res 

X 

Geocoded  medium 
res 

X 

Terrain -corrected 
low  res 

X 

Terrain -corrected 
full  res 

X 

Terrain -corrected 
medium  res 

X 

Ephemeris 

X 

X 

X 

X 

X 

Ice  motion  vectors 

X 

Ice  classification 

X 

Wave  spectra 

X 

Processing  package  specifies  processing  options,  media 
type,  and  media  format.  Processing  options  are  as  follows: 
normal,  quicklook,  low  gain,  slant  range,  subframes,  cal- 
uncomp,  cal-comp,  or  some  combination  of  these.  For  geo- 
coded  and  terrain  corrected  image  options,  the  following  pro¬ 
jections  are  possible:  Universal  Transverse  Mercator  (UTM), 
Polar  Stereographic  (PS),  and  Lambert.  However  not  all  of 
these  options  are  available  for  every  data  set.  Data  sets  can  be 
ordered  with  various  media  types  as  follows:  ESA_DCRSi, 
NASDA_HD_96,  RSAT_HD_96,  4-MM  2  GBytes,  4  MM  5 
GBytes,  8  MM  2  GBytes,  8  MM  5  GBytes,  9  track  1600  BPI, 
9  track  6250  BPI,  DISK  (electronic/network  transfer),  dry  sil¬ 
ver  film/paper,  and  B&W  photo  film/paper.  Again  not  all 
media  is  available  with  all  data  sets  or  with  all  processing 
options.  Media  formats  include:  CEOS  SAR  tape,  tape  archive 
(tar),  CEOS  SAR  file,  8x10  print,  8x10  positive/negative 
transparencies,  20x24  2x  enlargements,  20x24  5x  enlarge¬ 
ments.  Again  not  all  formats  are  applicable  to  all  data  sets, 
processing  options,  and  media  types. 

The  IMS  will  send  the  request  for  frames  to  the  Production 
Planning  Subsystem  (PPS)  which  will  queue  the  request  until 
all  materials  necessary  for  processing  are  available  locally. 


IMS  will  also  send  request  for  scanning  of  tapes  to  the  PPS  as 
the  tapes  become  available  locally. 

The  Control  Processor,  which  provides  control  of  the 
resources  of  the  various  processors  retrieves  jobs  from  the 
PPS  queue  and  executes  the  job  on  one  of  the  processors  [4]. 
Amongst  these  processors,  the  Alaska  SAR  Processor  pro¬ 
duces  SAR  products  for  ERS-1,  ERS-2,  JERS-1,  and  continu¬ 
ous  mode  Radarsat;  the  Raw  Data  Scanner  performs  scanning 
of  raw  data  to  determine  ‘good’  data  frames  that  are  available 
and  decodes  Radarsat  ScanSAR  data  to  time-ordered,  non- 
redundant  Level  0  data;  and  the  ScanSAR  Processors  handles 
all  modes  of  ScanSAR  data  from  Radarsat.  Once  the  products 
are  produced  by  the  processors,  the  Control  Processor  pro¬ 
vides  a  quality  control  function  that  allows  the  Production 
Operator  to  visually  inspect  the  image  and  the  vital  metadata. 
After  the  inspection,  the  product  is  sent  to  IMS  for  distribu¬ 
tion  to  the  user. 

CONCLUSION 

ASF  has  eliminated  the  Level  1  archive,  but  has  provided 
visibility  into  the  planned  datatakes  and  into  the  Level  0 
archive.  With  judicious  processing  of  only  data  that  is  ordered 
for  processing,  ASF  expects  to  be  able  to  meet  the  user  needs 
with  similar  timeliness  exhibited  in  the  pas.  The  fixed  frames 
scheme  will  allow  users  to  get  repeated  orbits  with  high 
degree  of  consistency  and  overlap. 
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INTRODUCTION 

The  largest  advantage  of  space-borne  measurements  is  in  its 
global  coverage,  especially  in  the  tropical  area,  where  most  of 
the  rainfall  occurs.  TRMM  (Tropical  Rainfall  Measuring  Mis¬ 
sion)  satellite  will  be  the  first  one  which  installs  a  precipita¬ 
tion  radar  (PR)  onboard,  and  will  be  launched  in  1997.  It  is 
expected  to  provide  essential  information  in  understanding  the 
global  water  circulation.  However,  since  the  planned  radar  is 
a  single-frequency,  single-polarization,  and  non-Doppler  one, 
the  retrieval  of  rainfall  rate  from  the  echo  intensity  data  requires 
careful  interpretation  based  on  sophisticated  algorithms  which 
incorporate  with  peripheral  ground  validation  data. 

The  objective  of  this  study  is  to  establish  a  reliable  ground 
truth  scheme  for  the  planned  TRMM  precipitation  radar  using 
a  ground-based  radar,  and  to  validate  the  rain  retrieval  algo¬ 
rithm  based  on  the  radar  data.  While  most  of  ground  validation 
sites  for  TRMM  PR  use  microwave  Doppler  weather  radars,  we 
use  the  the  MU  (Middle  and  Upper  atmosphere)  radar  of  Kyoto 
University,  Japan. 

GROUND  TRUTH  USING  THE  MU  RADAR 

The  MU  radar  has  a  unique  capability  of  measuring  the  ver¬ 
tical  profile  of  the  DSD  simultaneously  with  background  atmo¬ 
spheric  parameters  such  as  winds  and  turbulence.  The  vertical 
wind  velocity  and  the  intensity  of  turbulence  provide  a  reliable 
measure  of  distinguishing  the  convective  and  stratiform  rains. 
Also,  the  radar  is  equipped  with  an  active  phased  array  antenna 
whose  beam  steerability  roughly  covers  the  footprint  of  TRMM 
PR  with  a  much  higher  horizontal  resolution.  It  is  thus  possi¬ 
ble  not  only  to  provide  an  accurate  Z  factor  versus  height,  but 
also  to  quantitatively  evaluate  the  partial  beam  filling  error  of 
TRMM  PR. 

We  developed  a  special  observation  mode  with  19  antenna 
beam  directions  distributed  uniformly  within  the  beam  cover¬ 
age  of  30  degrees  from  the  zenith.  Table  1  gives  the  basic  pa¬ 
rameter  of  the  MU  radar  for  this  mode.  Fig.  1  shows  the  ar¬ 
rangement  of  the  radar  beams.  Large  circle  shows  the  foot¬ 
print  of  TRMM  PR,  and  small  circles  are  the  MU  radar  beams 
at  3-km  height.  These  19  beam  directions  are  switched  elec¬ 
tronically  at  the  pulse  interval  of  400/:isec  in  a  cyclic  manner. 
Doppler  echo  power  spectra  are  computed  at  a  height  interval 
of  150m  for  each  beam  direction  every  10  seconds,  and  av¬ 


eraged  for  1  minutes.  Rain  dropsize  distribution  is  estimated 
from  the  observed  spectra  by  fitting  the  theoretical  spectra  as¬ 
suming  the  gamma  distribution[l].  Background  wind  and  spec¬ 
tral  broadening  due  to  atmospheric  turbulence  are  automatically 
compensated  for  by  simultaneously  fitting  also  the  atmospheric 
component[2]. 

Fig.  2  is  an  example  of  the  horizontal  distribution  of  the  rain 
intensity  observed  during  a  convective  rain  event  with  the  19- 
beam  method.  Each  shaded  hexagon  denotes  the  rain  intensity 
averaged  for  1  min  in  2-3  km  height  range  at  each  beam  direc¬ 
tion  shown  in  Fig.  1 .  A  much  larger  horizontal  variation  than 
the  accuracy  limit  seen  in  this  figure  demonstrates  the  natural 
variability  inside  a  local  rain  event.  Accumulation  of  such  data 
will  be  of  crucial  importance  in  evaluating  the  partial  beam¬ 
filling  (PBF)  error  of  the  TRMM  PR  radar  algorithms. 


Table  1 :  Basic  parameters  of  the  MU  radar  for  the  TRMM  val¬ 
idation  mode. 


Parameter 

Value 

Location 

Shigaraki,  Japan  (34.85°N,  136.10°E) 

Radar  system 

active-phased-array  Doppler  radar 

Frequency 

46.5  MHz 

Antenna 

circular  array  of  475  crossed  Yagi’s 

aperture 

8330  (103  m  in  diameter) 

beam  width 

3.6"^  (one  way;  half  power) 

steerability 

steering  is  completed  in  each  IPP 

beam  directions 

19;  0®-30®  off  zenith  angle 

polarizations 

linear 

Transmitter 

475  solid  state  amplifiers 

peak  power 

(TR  modules;  each  with 
output  power  of  2.4  kW  peak) 

1  MW  (maximum) 

average  power 

2.5  kW  (duty  ratio  0.25%) 

bandwidth 

1.65  MHz 

IPP 

(pulse  width:  1  ^s) 

400  fis 

Receiver 

bandwidth 

1.65  MHz 

IF 

5  MHz 

A/D  converter 

12  bits  X  8  channels 

Pulse  compression 

none 
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EVALUATION  OF  RAIN  PROFILING  ALGORITHM  FOR 
SPACE-BORNE  RADARS 

The  most  essential  part  of  the  precipitation  radar  signal  pro¬ 
cessing  is  the  conversion  from  the  measured  reflectivity  fac¬ 
tor  into  the  rain  intensity.  At  the  frequency  of  TRMM  PR  of 
13.8  GHz,  the  attenuation  due  to  raindrops  makes  this  conver¬ 
sion  much  more  difficult  than  at  a  lower  frequency.  This  rather 
high  frequency  was  chosen  to  minimize  the  antenna  size  for  the 
required  beam  width.  It  is  thus  necessary  to  compensate  for  the 
attenuation  in  estimating  the  rainfall  rate  at  each  range  gate[3]. 
The  candidate  algorithm  for  the  rain  profiling  (2A-25)  will  be 
an  extension  of  the  a-adjustment  method[4].  It  is  based  on  the 
Hitschfeld-Bordan  solution[5],  but  avoids  its  instability  under 
strong  rain  condition  by  adjusting  one  of  the  DSD  parameter  a 
using  the  path-integrated  attenuation  (PI A).  Here  we  examine 
the  effect  of  the  height  variations  of  DSD  using  the  MU  radar 
data  as  realistic  examples  of  the  given  ‘truth’  in  the  simulation. 

Since  the  a-adjustment  method  assumes  that  the  parame¬ 
ters  are  constant  versus  height,  their  height  variation  may  cause 
errors  in  the  derived  rain  intensity.  Fig.  3  shows  the  result  of 
simulations  using  the  real  DSD  profiles  observed  by  the  MU 
radar  as  model  profiles.  The  upper  figure  is  for  stratiform  rains, 
and  the  lower  figure  is  for  convective  ones.  The  stratiform  case 
consists  of  135  profiles  of  1-min  resolution  taken  on  July  2-4, 
1990,  when  a  stationary  front  associated  with  Baiu  was  present 
near  the  MU  radar,  and  the  convective  case  consists  of  43  pro¬ 
files  taken  on  September  19, 1990,  when  a  typhoon  was  passing 
near  the  MU  radar.  Determination  of  the  rain  type  was  made 


MU  radar  beam  at  3.0  km  height 


I — ^ - \ - ' — 1 - ' — I — « — I — • — I — ^ - 1 

-3-2-10123 

(km) 

Figure  1:  Beam  arrangement  of  TRMM  PR  and  the  MU  radar 
at  3  km  height. 


Horizontal  distribution  of  Rain  Intensity 
2.0  -  3.0  km  height 

16-SEP-1994  11:01:22.00  -  11:02:09.00 


Figure  2:  An  example  of  the  horizontal  distribution  of  rain  in¬ 
tensity. 

for  individual  1-min  profile  by  whether  echoes  from  rain  drops, 
which  have  larger  Doppler  shift  than  snowflakes,  are  observed 
above  the  freezing  level  or  not.  Only  those  profiles  that  satisfies 
this  criteria  for  the  stratiform  rain  for  the  former  data  set,  and 
for  the  convective  rain  for  the  latter  data  set,  respectively,  are 
selected. 

The  attenuation  and  reflection  factors  at  13.8  GHz  are  com¬ 
puted  for  each  range  bin  from  the  observed  DSD,  and  then  con¬ 
verted  to  the  ‘measured’  reflectivity  profile.  In  order  to  avoid 
additional  source  of  error  associated  with  the  bright  band,  we 
used  the  data  only  below  the  freezing  level.  Using  these  profiles 
as  the  given  model  values,  we  made  numerical  simulations.  The 
a-adjustment  method  is  applied  to  each  1-min  profile  and  the 
rain  intensity  is  estimated  at  each  range  bin.  The  result  is  aver¬ 
aged  for  the  entire  data  set.  The  error  bar  put  on  each  estimated 
value  denoted  by  a  circle  indicates  the  standard  deviation  of  the 
difference  between  the  instantaneous  model  rain  intensity  and 
the  estimated  one.  The  error  bar  for  the  convective  case  is  about 
twice  larger  than  the  stratiform  case,  probably  due  to  larger  ver¬ 
tical  variations  of  DSD  in  the  convective  rain  cells. 

It  should  be  noted  that  the  vertical  variation  of  DSD  also 
causes  positive  bias  errors  even  though  the  a  adjustment  cor¬ 
rectly  compensates  for  the  path  integrated  attenuation.  The  bias 
at  the  sea  surface  level  is  15%  and  27%  for  the  stratiform  and 
convective  cases,  respectively.  This  bias  error  is  due  to  the  non¬ 
linearity  in  the  Z  -  i?  and  k  -  R  relations.  Although  the  bias 
is  within  the  standard  deviation,  it  has  a  significant  meaning  for 
TRMM  project  whose  goal  is  to  provide  accurate  rain  intensity 
in  one-month  mean  value.  It  will  be  effective  to  make  statisti- 
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Figure  3:  Model  and  simulation  results  of  rain  profiling  for  the 
stratiform  rain  (top)  and  convective  rain  (bottom). 


cal  compensation  for  this  vertical  variability  of  DSD  based  on 
ground  validation  radar  data. 

SUMMARY 

Special  19-beam  experiment  for  the  MU  radar  has  been  de¬ 
veloped  for  TRMM  PR  ground  validation.  Significant  horizon¬ 
tal  variability  over  the  TRMM  PR  footprint  size  (=4km)  was 
found.  Effect  of  such  variability  on  the  rain  retrieval  algorithm 
has  been  examined. 

The  MU  radar  data  are  also  used  in  numerical  simulations 
to  evaluate  the  standard  rain  retrieval  algorithm  for  the  TRMM 
PR  data  analysis.  Effect  of  the  vertical  variability  of  DSD  was 
quantitatively  examined,  and  it  was  found  that  it  causes  a  bias 
of  as  large  as  27%  under  convective  conditions.  The  proposed 
scheme  for  compensating  for  the  PBF  error  was  also  examined 
with  a  numerical  simulation.  It  was  pointed  out  that  although 
it  is  possible  to  make  the  compensation,  its  accuracy  highly  de¬ 
pends  on  the  accuracy  of  the  sea-surface  echo. 
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Abstract  —  Since  1985,  a  dual-frequency  radar-radiometer, 
built  by  the  Communications  Research  Laboratory  of  Japan, 
has  been  flown  in  several  NASA-related  experiments  to  test 
and  to  develop  methods  for  the  estimation  of  rain  rate  from 
space.  These  measurements  have  proved  useful  for 
developing  and  justifying  methods  of  rain  estimation  for  the 
radar  to  be  launched  as  part  of  the  Tropical  Rainfall 
Measuring  Mission.  Over  this  period  of  time,  the  instrument 
was  modified  to  provide,  in  addition  to  the  usual  co¬ 
polarized  data,  cross-polarized  measurements  at  X-band(10 
GHz)  and  Ka-band(34.45  GHz).  Additional  upgrades  have 
been  completed  to  enable  measurements  of  linear 
depolarization  ratio  (Ldr)  and  difierential  reflectivity  ratio 
(Zdr)  at  both  frequencies  for  ground-based  observations. 
Plans  are  presently  underway  to  combine  these 
measurements  with  the  S-band  Spandar  radar  and  the 
microwave  and  millimeter-wave  link  experiments  located  at 
Wallops  Flight  Facility.  In  this  paper,  we  first  describe  the 
instrument  modifications,  then  present  results  taken  during  a 
case  of  light  stratiform  rain  case.  Because  the  calibration  of 
the  system  is  not  yet  complete,  we  focus  on  some  of  the 
quantitative  features  of  the  data  obtained  at  and  near  the 
melting  layer. 


INSTRUMENT  DESCRIPTION 

The  schematic  configuration  of  the  dual-frequency 
multiparameter  radar-radiometer  is  shown  in  Fig.  1.  The 
dual-frequency  transceiver,  radiometer  and  data  acquisition 
system,  enclosed  by  broken  line  in  Fig.  1,  have  been  installed 
inside  a  trailer  for  the  field  experiments  in  the  future,  with 
both  antennas,  polarization  switches  and  antenna  controller 
motors  located  on  the  roof  The  waveguides  from  the  radar- 
radiometer  to  the  antennas  are  connected  by  rotary  joints. 
The  latching  circulators  and  azimuthal  and  elevation  motors 
are  connected  by  data  lines  from  the  control  circuitry  within 
the  trailer.  The  original  instrument,  enclosed  by  dotted  lines 
in  Fig.  1,  is  controlled  independently.  The  CAMAC  data 
system  is  used  to  collect  the  radar  data  at  both  frequencies  as 


Fig.l  Schematic  configuration  of  the  dual-frequency 
multiparameter  radar-radiometer.  The  original  instrument  is 
enclosed  by  the  dotted  lines.  The  instruments  enclosed  by  the 
hatched  line  are  installed  inside  the  trailer. 


well  as  to  record  the  status  data  of  radar-radiometer.  The 
radiometer  data  is  recorded  by  a  DT2801  A/D  conversion 
card.  The  card  also  has  a  Digital  I/O  interface,  used  for 
controlling  the  antenna  scan  motors  and  selecting  the 
sequence  mode  at  the  latching  ferrite  switch  controlling 
circuitry.  The  circuitry  can  change  the  transmitting  and 
receiving  polarization  from  pulse  to  pulse.  A  summary  of 
the  instrument  characteristics  is  given  in  Table  1.  The 
integration  number  is  selectable  by  the  acquisition  software 
on  the  PC. 


*  On  leave  from  Communications  Research  Laboratory,  Japan,  as  a  Visiting  Scientist  Program  of  USRA. 
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Table  1.  The  system  specification 


X-band 

Ka-band 

Center  Frequency 

10.00  GHz 

34.45  GHz 

(3.0cm) 

(8.7mm) 

Antenna 

Type 

Horn  lens 

Horn  lens 

Gain 

30.3  dB 

30.4  dB 

HPBW 

5.2  deg. 

5.1  deg. 

Polarization 

HandV 

HandV 

Ferrite  Switch 

Isolation 

>30  dB 

>30  dB 

Transmitter 

Peak  Power 

20  kW 

10  kW 

PRF 

440  Hz 

440  Hz 

Pulse  width 

0.5  psec 

0.5psec 

Receiver 

NF 

5.3  dB 

9.6  dB 

Detection 

Log. 

Log. 

Dynamic  range 

80  dB 

80  dB 

A/D  Converter 

Number  of  bits 

8  bits 

8  bits 

Integration 

128 

128 

Sampling  interval 

0.2  psec 

0.2  psec 

Radiometer 

Center  Frequency 

9.86  GHz 

34.21  GHz 

IF  bandwidth 

100  MHz 

100  MHz 

Integ.  Time 

0.25  sec 

0.25  sec 

Resolution 

0.5  K 

0.5  K 

RAIN  OBSERVATIONS 

Fig.  2  shows  the  range-time  profiles  of  radar  images 
during  light  stratiform  rain  obtained  by  ground-based  dual¬ 
frequency  radar  fi-om  16:34  to  16:43  EST  on  Feb.  8,  1996. 
Using  ZpQ  to  denote  the  radar  reflectivity  factor  for 
transmitted  polarization  P  and  receiving  polarization  Q,  the 
images  shown  in  A),  B),  C)  and  D)  correspond  to  ZnvCKa- 
band),  ZHH(Ka),  ZHv(X-band)  and  ZhhTO,  respectively. 
None  of  the  data  were  corrected  for  path  attnuation.  During 
the  measurement  period,  the  antenna  elevation  angle  was 
fixed  at  45  degrees.  The  Y  axes  in  Fig.2  correspond  to 
heights  between  400  m  to  3100  m  along  the  range  direction. 
The  X  axes  represent  time  in  minutes.  The  grainy  nature  of 
the  cross-polarized  images  represent  the  effect  of  low  signal 
to  noise  ratios(SNR).  Although  the  rain  was  light  (less  than 
1  mm/h  according  to  an  optical  rain  gauge),  the  images 
clearly  show  the  melting  layer.  For  the  cross-polarization 
data  (Fig.  2  A  and  C),  detectable  returns  generally  occur 
only  in  a  range  of  about  0.4  km  centered  about  the  melting 
layer. 


Shown  in  Fig.  3  are  range-profiles(A-scope)  of  the  Zhh, 
Zw  and  Zhv  at  both  frequencies  at  16:36  EST.  Note  that  in 
this  case  a  single  record  consists  of  a  128-sample  average 
(»0.6  second).  The  Zhv  at  both  frequencies  are  truncated  at 
low  SNR.  Fig.  4  shows  the  range-profiles  of  the  Zhh,  Ldr 
and  Zdr  at  both  fi'equencies  at  same  time  as  in  Fig.  3. 

Comparisons  of  the  ZnHfthe  X-band  and  Ka-band)  show 
approximately  equal  signal  strength  at  ranges  below  the 
melting  layer,  followed  by  a  rapid  decrease  in  the  Ka-band 
signal  beginning  at  the  melting  layer  and  continuing  into  the 
snow  layer.  This  behavior  can  be  explained  by  the 
attenuation  through  the  melting  layer  and  the  effect  of  non- 
Reyleigh  scattering,  both  of  which  act  to  lower  the  Ka-band 
return  relative  to  the  X-band  return.  An  approximate 
separation  between  the  two  effects  can  be  obtained  by 
examining  difference,  dBZx  -  dBZKa,  well  above  the  melting 
layer;  at  these  ranges,  where  non-Rayleigh  scattering  is 
generally  small,  the  difference  is  approximately  equal  to  the 
two-way  integrated  path  attenuation. 

The  peak  values  of  Ldr  at  both  frequencies  are  slightly  less 
than  -10  dB.  Moreover  a  comparison  of  the  peak  values  of 
Ldr  and  dBZ(X-band)  shows  that  the  former  maximum 
occurs  at  a  slightly  lower  height.  These  features  of  Ldr  have 
been  observed  previously  both  from  ground-based  and 
airborne  polarimatric  radars  [1,2]. 

Examination  of  the  Zdr  values  in  Fig.  4  at  ranges  within 
and  just  below  the  melting  layer  suggest  a  change  in  the 
orientation  of  the  hydrometeor  from  a  random  orientation 
(low  Zdr  values)  to  a  more  ordered  orientation  (Zdr  values  of 
about  1-2  dB).  Additional  averaging  of  the  data  and  further 
tests  of  the  radar  calibration  are  needed,  however,  to  verify 
these  results. 

CONCLUSIONS 

An  existing  airborne  dual-frequency  multiparameter 
radar-radiometer  has  been  modified  for  ground-based 
operation.  Upgrades  to  the  switching  circuitry  provide  the 
capability  to  measure  the  LDR  and  ZDR  at  X-band  and  Ka- 
band  frequencies.  Measurements  in  light  stratiform  rain 
show  features  of  Ldr  and  dual-frequency  ratio  (DFR) 
consistent  with  previous  ground-based  and  airborne 
measurements.  Future  experiments,  coordinated  with  the 
Spandar  radar  and  the  microwave  and  millimeter-wave  link 
measurements  at  Wallops  Flight  Facility,  should  provide  a 
unique  set  of  measurements  for  estimating  the  characteristics 
of  rain. 
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Abstract  --  This  paper  reports  the  experimentation  of  a  joint 
use  of  ground-based  radars  and  satellite  radiometer  in  order 
to  obtain  more  information  at  diverse  spatial  and  temporal 
scales  to  improve  quantitative  measurement  of  rainfall  over 
the  centre  of  Italy.  In  particular  the  utilisation  of  radar 
vertical  profile  measurements  to  validate  and  calibrate 
passive  microwave  data  is  outlined.  Experimentation  has 
been  conducted  on  a  data  set  made  up  of  Montagnana 
multiparameter  C-band  and  DMSP-SSM/I  data. 

INTRODUCTION 

Satellite  passive  microwave  measurements  of  precipitation 
are  characterised  by  the  presence  of  larger  hydrometeors 
within  clouds,  they  view  the  atmosphere  from  the  top 
downwards  and  the  spatial  resolution  is  very  poor;  two  main 
issues  must  be  tackled:  the  beam  filling  problem  and  the 
inversion  problem.  Surface-based  radar  measurements  of 
precipitation  are  based  on  the  estimation  of  hydrometeors 
falling  from  the  bases  of  clouds,  they  view  the  atmosphere 
from  the  bottom  upwards  way.  The  temporal  and  spatial 
resolution  is  very  good  but  there  are  several  physical  and 
technological  reasons  why  the  radar  estimates  may  be 
cumbersome  [1].  Investigation  of  the  vertical  profile  in  the 
presence  of  precipitation  is  one  of  the  main  topics  of  interest 
in  radar  meteorology,  for  different  kind  of  applications: 
micrometeorology,  detection  and  correction  of  effect  due  to 
the  presence  of  bright  band  in  radar  rainfall  measurements 
for  meteorological  application  [2],  and  for  predicting 
attenuation  at  frequencies  used  for  satellite  communication. 
Even  if  it  is  possible  to  obtain  important  information  from  a 
conventional  monoparametric  radar,  as  bright  band 
presence,  height  and  thickness,  and  Ice  Water  Content 
(IWC),  the  use  of  polarimetric  radar  allows  the  estimate  of 
much  more  information,  such  as,  hail  bulk  density,  hail 
detection  and  a  preliminary  classification  of  ice  particles. 
Several  parameters  have  been  used  to  this  purpose.  Thus, 
vertical  profiles  obtained  by  through  polarimetric  radar 
measurements  carries  a  more  complete  information,  with 
respect  to  that  obtained  by  using  a  single  parameter  radar. 
Such  profiles  provides  useful  information  to  understand  the 
vertical  structure  of  the  observed  phenomenon  and  to  aid  the 
comprehension  of  the  inversion  topic  passive  microwave 
measurements.  Information  derived  from  ground-based  radar 
and  from  satellite  radiometer  may  be  integrated  and  utilised 
to  tackle  the  passive  microwave  sources'  weaknesses,  and 


through  the  hydrometeor  emission  knowledge  to  improve 
active  microwave  source  calibration. 

Due  to  the  inability  of  visible  and  infrared  radiation  to 
penetrate  the  cloud  and  directly  sense  precipitation  particles, 
much  rainfall  algorithms  development  has  been  recently 
based  on  measurements  in  the  passive  microwave  regime 
[3].  Two  basic  approaches  have  been  used  to  detect  rain 
using  passive  microwaves:  Regression  based  algorithms  and 
Physical  Inversion  algorithms.  Regression  methods  are 
simple  -  as  far  as  complexity  is  concerned  -  and  relatively 
undemanding  of  computer  resources,  but  they  are  not  very 
flexible;  The  physical  inversion  algorithms  are  based  on 
coupled  cloud-radiation  models,  in  which  the  cloud  model 
component  is  an  explicit  dynamic-microphysical  cloud- 
mesoscale  model  (e.g.  [4]).  They  are  generally  complex  and 
are  characterised  by  large  c  nputational  requirements  but 
they  provide  flexibility.  It  is  widely  accepted  that  the  most 
satisfactory  in  the  mid-term  future  are  likely  to  be 
physical/empirical  methods  based  on  good  knowledge  of 
cloud  physics  and  use  of  suitable  cloud/rainfall  models. 
Therefore,  studies  of  rain  events  by  both  radar  and  satellite 
are  required,  and  radar  vertical  profile  information  must  be 
particularly  considered. 

ACTIVE  AND  PASSIVE  MICROWAVE  SENSORS 

A  research  project  is  undertaken  between  SSM/I  data  and 
digital  multiparameter  radar  observations  of  precipitation, 
over  the  centre  of  Italy.  These  researches  aim  at  helping 
build  an  empirical  basis  for  the  quantitative  interpretation  of 
microwave  radiometric  observations  of  rainfall  over  land, 
limited  to  the  Tuscany  region,  in  the  centre  of  Italy.  Data 
sets,  derived  from  the  Montagnana  multiparameter  radar 
include  both  Constant  Altitude  PPI  (CAPPI)  precipitation 
maps  and  Vertical  Profiles  of  Reflectivity  (VPR),  and  DMSP 
-  SSM/I  passive  microwave  data. 

DMSP  SSM/I 

The  Special  Sensor  Microwave  Imager  (SSM/I)  is  a 
passive  sensor  which  detects  radiances  at  four  frequencies: 
19.35,  22.235,  37.0  and  85.5  GHz.  The  19,  37  and  85 
channels  have  dual  polarisation  (vertical  and  horizontal),  the 
water  vapour  line  at  22.235  GHz  has  only  vertical 
polarisation.  This  instrument  is  aboard  of  the  operating 
Defence  Meteorological  Satellite  Program  (DMSP)  Block 
5D-2  Spacecrafts:  FIO,  Fll,  F13.  The  seven  channels  have 
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different  spatial  resolutions  (i.e.  EFOV  on  earth  surface  in 
the  cross-track  direction)  from  roughly  43  Km  at  19.35  GHz 
to  approximately  13  Km  at  85.5  GHz).  The  passive 
microwave  utilised  for  the  research  were  acquired  from  FIO, 
Fll  and  F13  spacecrafts. 

Montagnana  Polar  55  C  radar 

The  active  sensor  utilised  in  this  work  is  the  POLAR55C 
radar  system  located  in  Montagnana  near  Florence.  The 
POLAR55C  system  is  a  multiparameter  C-Band  weather 
radar  operating  at  5.5  GHz.  The  receiver  has  two  incoherent 
and  one  coherent  channels.  In  its  most  common  setting  the 
signal  processor  extracts  four  parameters  which  constitute 
the  radar  data  set;  horizontal  and  differential  reflectivity  {Z^, 

ZpR,),  mean  value  and  spread  of  Doppler  spectrum  (V,  ay). 

THE  DATA  SET 

The  present  work  is  based  on  a  data  set  collected  in  winter 
1995-96.  It  is  relative  to  some  rainfall  events  observed  by 
POLAR55C  radar  during  the  pass  of  at  least  one  of  DMSP 
satellites.  The  radar  system  was  set  to  start  the  CAPPI 
acquisition  process  at  the  time  the  satellite  began  its  passing 
over  the  region  where  radar  is  located,  so  to  have  radar  data 
collected  some  minutes  (0  to  5  minutes)  after  the  satellite 
pass.  This  should  allow  a  better  correlation  between  the  two 
different  methods  of  measurements. 

The  table  below  shows  the  data  set  which  the  work  is 
based  on.  For  every  day  of  radar  acquisition  the  time  of  a 
specific  satellite  pass  is  shown. 


Pass  time  (GMT) 

Date 

flO 

fll 

fl3 

6  Dec  1995 

17:24 

23  Jan  1996 

19  Feb  1996 

20:46 

ion 

20  Feb  1996 

mm 

21  Feb  1996 

10:03 

mm 

DATA  PROCESSING 

From  SSM/1  data  several  parameters  related  to  rainfall 
over  land  were  achieved.  Parameters  related  to  rainfall  and 
to  the  physical  structure  of  clouds  were  obtained  from  radar 
Zh  and  Zdr  data.  Radar  and  SSM/I  parameters  maps  were 
processed  in  order  to  obtain  geographically  co-registered 
images,  and  to  overlay  them  correlating  the  diverse 
information.  In  particular,  both  radar  and  SSM/1  images 
were  projected  according  to  the  UTM  geographical  reference 
system  -  fuse  32.  The  radar  data  were  grouped  according  to  a 
meaningful  set  of  different  time  lags  (involving  the  times  of 
radar  data  acquisition  and  the  SSM/I  over-passes),  and  the 
way  the  different  time  lags  affect  data  correlation  was 


examined,  The  spatial  variances  related  to  each  SSM/I  pixel 
were  estimated  through  radar  data,  and  their  influence  on 
the  regression  trend  (calculated  between  radar  and  SSM/I 
parameters)  was  considered.  The  influence  of  cloud  structure 
parameters  on  the  regression  was  analysed. 

Radar  Data  Processing 

When  the  meteorological  radar  is  employed  within  an 
hydrometeorological  monitoring  system,  whose  main 
objective  is  to  measure  rainfall  at  ground,  the  main  interest 
lies  on  the  detection  of  the  bright  band,  and  furthermore, 
deriving  its  height  and  thickness,  since  the  presence  of 
bright  band  generate  a  peak  of  radar  reflectivity,  which 
provokes  overestimation  of  rainfall,  when  directly  converted 
into  rain.  In  general  vertical  variability  of  the  reflectivity 
field  yield  two  kind  of  error  due  the  characteristic  of  radar 
sampling:  the  first  is  related  to  the  discrepancies  between 
radar  and  ground  measurements  due  to  the  precipitation 
sampling  performed  by  radar  at  a  given  height  above 
ground.  Besides,  the  radar  spatial  resolution,  though 
sufficient  in  the  horizontal  plane  for  hydrological 
applications,  is,  indeed,  extremely  scarce  in  the  vertical 
plane,  especially  far  from  radar.  Thus,  different  kind  of 
hydrometers  could  be  intercepted  by  the  radar  beam.  A 
method  for  estimating  vertical  profile  as  far  the  bright  band 
is  concerned,  have  been  mainly  derived  by  Smith  [2].  When 
accurate  description  of  variation  of  reflectivity  below  bright 
band  is  of  interest,  inversion  techniques  have  to  be  adopted. 
The  use  of  multiparameter  data  is  instead  necessary  when 
the  objective  is  the  identification  of  particles  and  the 
description  on  layers  above  the  bright  band.  In  fact,  although 
some  parameters  can  be  derived  through  Zh  only,  such  as  the 
Ice  Water  Content,  through  a  relationship  as 

Zh  =  a  +  blog  (IWC); 

and  other  from  the  Zdr  such  as  the  ice  bulk  density  [5] 
through; 

Zdr  =  c-p‘^-log(r); 

being  p=ice  bulk  density;  r=axis  ratio  of  ice  crystal; 
Furthermore,  Zdr  is  used  to  detect  hailstones  and  other 
particles.  Studies  and  observations  are  reported  in  literature 
and  point  out  the  ability  of  classification  of  polarimetric 
radar. 

In  the  case  of  Polar  55C  radar  data  set,  rainrate  maps  at 
different  heights,  projected  according  to  UTM  geographical 
references  are  obtained  through  processing  of  PPI  radar 
maps  accounting  for  ground  clutter,  attenuation  due  to  C- 
band  propagation  and  occultation.  Further  processing 
includes  estimation  of  vertical  profile  through  inversion 
method  and  the  computation  of  parameters  characterising  ice 
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particles  when  the  presence  of  such  particles  is  detected  by 
the  use  of  Zh  and  Zdr  data  comparison. 


SSM/I  Data  Processing 


SSM/I  images  were  spatially  deconvoluted  and  projected 
according  to  UTM  system  with  a  resolution  of  5x5  Km  per 
cell.  They  were  then  processed  in  order  to  correct  possible 
navigation  errors  and  are  centred  on  the  Montagnana  radar 
site.  Snow  and  cold  ground  pixels  were  filtered  according  to 
the  Ferraro  and  Grody  algorithm  [8].  A  range  of  significant 
passive  microwave  parameters  related  to  precipitation  were 
then  calculated  in  order  to  analyse  the  correlations  between 
the  multisensor  data  sets.  Several  SSM/I  parameters  related 
to  precipitation  over  land  have  been  achieved,  among  them: 
Scatter  Index[3]: 

Sissv  “  Tj  —  Tbg5^,  ^ 

T-  —  a  —  b  ♦  “  C  •  T,^22v  ^  ‘  Tb22v  ? 


I  and  Q  Stokes  parameters:  ] 


85 


Qss  “ 


T  +T 

-^b85v  ^  -*-b85h  . 

2 

T  -T 

^h^5v  ^b85h 


Polarisation  Corrected  Temperature  [2]: 

X 


pct,3  = 


b85v 


-pT, 


b85h 


1 


l-p 


1-s. 


Tbv,h  are  the  vertical  and  horizontal  brightness  temperature 
measured  by  the  satellite  at  a  single  frequency,  respectively; 

are  the  vertical  and  horizontal  superficial  emissivity, 
respectively. 

Statistical  Analysis 

For  the  cases  analysed,  a  correlation  exists  between  the 
radar  rainrate  and  satellite  derived  parameters,  in  spite  of 
fundamental  differences  between  the  two  basic  data  types, 
and  their  different  space  and  time  resolutions.  In  particular, 
radar  3-D  vertical  profile  parameters  provide  useful 
information  to  invert  passive  microwave  signatures  and 
improve  the  correlation;  that  has  been  particularly  true  for 
Ig3  and  Qg3  Stokes  and  SI  parameters.  The  statistical  results 
point  out  the  importance  of  the  influence  that  the  time  lag 
parameter  and  the  rainfall  spatial  inhomogeneity  exerts  on 
the  correlation  between  the  radar  and  the  SSM/I  calculated 
parameters. 


CONCLUSIONS  AND  PERSPECTIVE 

The  utilisation  of  Zh  and  Zdr  vertical  profiles  3-D  maps  as 
well  as  other  derived  cloud  structure  parameter  maps,  was 
analysed  against  the  correlation  between  radar  rainrates  and 
estimated  passive  microwave  parameters.  This  work  has 
established  that  vertical  profile  radars  maps  provide  useful 
information  on  the  structure  of  the  atmosphere  which  the 
passive  radiometer  monitors  and  should  help  to  improve 
both  the  retrieval  of  precipitation-related  parameters  from 
satellite  data,  and  lead  to  better  passive  microwave  rainfall 
algorithms,  particularly  of  the  physical/empirical  type.  This 
methodology  must  be  consolidated  and  then  may  be 
considered  operationally  to  improve  regional  systems  for 
quantitative  estimation  of  precipitation. 
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Abstract  -  During  the  two  SIR-C/X-SAR  missions  in 
April  and  October  1994,  a  large  number  of  multifrequency  / 
multipolarization  synthetic  aperture  radar  (SAR)  images 
were  acquired  from  the  Space  Shuttle  "Endeavour"  which 
show  radar  signatures  of  rain  cells  over  land  as  well  as  over 
the  ocean.  In  this  paper  we  discuss  the  radar  signatures  of 
tropical  rain  cells  that  were  acquired  over  the  Brasilian  rain 
forest  and  over  the  Gulf  of  Mexico.  It  is  shown  that  multifre¬ 
quency  /  multipolarization  radar  imagery  has  the  potential  to 
yield  valuable  information  on  tropical  rain  cells, especially  on 
the  altitude  of  the  melting  layer  and  the  rain  rate. 

INTRODUCTION 

Tropical  rainfall  is  produced  by  convective  processes  in 
the  atmosphere  that  are  highly  variable  in  space  and  time. 
The  rainfall  is  often  confined  to  isolated  cells,  called  tropical 
rain  cells,  that  have  a  diameter  of  only  a  few  kilometers,  but 
also  clusters  of  rain  cells  with  an  extent  of  several  tens  of 
kilometers  are  quite  common.  The  latent  heat  that  is  released 
into  the  tropical  atmosphere  by  precipitation  is  an  important 
heat  source  for  the  tropical  atmosphere  that  drives  low  lati¬ 
tude  atmospheric  circulations,  supplies  energy  to  balance 
radiation  heat  losses,  and  strongly  affects  the  wind  system  in 
the  middle  and  high  latitudes. 

In  general,  tropical  rainfall  is  associated  with  a  thunder¬ 
storm.  When  the  terminal  velocity  of  the  large  liquid  and 
frozen  rain  drops  inside  the  clouds  (hydrometeors)  is  higher 
than  the  updraft  velocity  it  starts  raining  and  a  strong  down- 
draft  is  generated  (mature  stage).  These  downdrafts  often 
have  a  cylindrical  form  which,  by  horizontal  spreading,  give 
rise  to  a  divergent  radial  wind  field  at  the  earth  surface  [1]. 

Tropical  as  well  as  non-tropical  rain  cells  have  been  stud¬ 
ied  intensively  by  ground-based  polarimetric  weather  radars 
[2,3],  From  their  data  the  size  of  rain  cells,  the  rain  rate,  and 
the  height  of  the  melting  layer  (where  the  temperature  is 
approx.  0  °C)  can  be  determined.  When  interpreting  space- 
borne  synthetic  aperture  radar  (SAR)  images  of  rain  cells, 
one  can  therefore  recourse  to  investigations  carried  out  by 
radar  meteorologists  who  have  measured  the  attenuation  and 
scattering  of  microwaves  by  rain  drops  and  ice  particles. 

In  this  paper  we  show  that  multifrequency  /  multipolari¬ 
zation  SAR  imagery  is  capable  of  extracting  valuable  infor¬ 
mation  on  rain  in  the  atmosphere  as  well  as  on  rain  imping- 
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ing  on  the  sea  surface.  The  images  were  acquired  by  the  X, 
C,  and  L  band  SARs  aboard  the  Space  Shuttle  "Endeavour" 
(operating  at  9.6,  5.3,  and  1.25  GHz,  respectively)  during  the 
two  Spaceborne  Imaging  Radar-C  /  X-SAR  (SIR-C/X-SAR) 
missions  in  April  and  October,  1994.  During  these  missions, 
a  large  set  of  SAR  images  has  been  acquired  over  tropical 
areas  showing  pronounced  radar  signatures  of  rain  cells,  in 
particular  at  X  band. 

IMAGES  OF  THE  RAIN  FOREST 

Fig.  1  shows  signatures  of  several  rain  cells  on  an  X  band 
SAR  image  acquired  over  the  Brasilian  tropical  rain  forest. 
These  signatures  are  large  elongated  dark  patches  with 
lengths  between  8  and  15  km  and  with  a  small  bright  spot  at 
their  near-range  edge.  These  bright  spots  originate  from  very 
strong  scatterers  in  the  atmosphere  (i.e.,  predominantly  ice 
spheres  coated  with  liquid  water)  near  the  melting  layer.  The 
dark  patches  are  shadows  caused  by  the  attenuation  of  the 
microwaves  by  these  strong  scatterers.  Fig.  2  shows  a  simul¬ 
taneously  taken  hand-held  photograph  of  the  same  area  (note 
the  branch  of  the  Amazon  river  on  the  radar  image  as  well 
as  on  the  photograph).  Some  of  the  rain  cells  visible  on  the 
X  band  SAR  image  can  also  be  identified  on  the  photograph 
as  distinctive  cloud  features.  One  of  them  is  marked  by  an 
arrow  in  both  figures. 

The  L  band  image  (not  shown  here)  of  the  same  area 
shows  no  radar  signatures  of  rain  cells. 

RADAR  IMAGE  OF  THE  OCEAN 

Radar  signatures  of  rain  cells  over  the  ocean  are  more 
complex  than  those  of  rain  cells  over  rain  forests,  because 
they  result  from  a  mixture  of  volume  scattering  and  surface 
scattering  (i.e.,  the  microwaves  are  backscattered  in  the 
atmosphere  as  well  as  on  the  ocean  surface).  Often  it  is  im¬ 
possible  to  disentangle  both  contributions;  however,  in  some 
cases  they  can  be  separated.  Favorable  are  steep  incidence 
angles.On  some  SIR-C/X-SAR  images  radar  signatures  have 
been  found  which  must  originate  from  atmospheric  (volume) 
scattering  and  are  not  associated  with  sea  surface  effects. 
From  these  radar  signatures  an  estimate  of  the  height  of  the 
melting  layer  can  be  derived  (typically  4-5  km).  As  an  ex¬ 
ample,  radar  signatures  that  originate  from  both  volume 
scattering  as  well  as  surface  scattering  are  discussed  in  this 
paper,  in  order  to  show  how  strongly  the  signatures  of  differ¬ 
ent  radars  bands  and  polarizations  vary  and  how  information 
on  the  rain  cell  can  be  extracted  from  them. 
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Fig.  1:  X  band,  VV  pol.,  SAR  image  acquired  over  the 
Amazon  delta  on  April  12,  1994,  at  18:14  UTC  (data  take 
54.4,  image  center  at  1.5°S,  48.9°W,  incidence  angle  58.3°) 
showing  the  rain  forest,  a  branch  of  the  Amazon  river,  and 
several  dark  and  bright  patches  caused  by  tropical  rain  cells. 

Fig.  3  shows  an  X  band  (left)  and  an  L  band  (right,  both 
VV  pol.)  SAR  image  of  a  cluster  of  tropical  rain  cells  over 
the  Gulf  of  Mexico.  The  dark  and  bright  structures  are  much 
more  distinct  at  X  band  than  at  L  band,  in  particular,  the 
bright  and  dark  radar  signatures  of  a  rain  cell  in  the  lower 
left-hand  section  of  the  X  band  SAR  image  are  missing  in 
the  L  band  SAR  image. 

The  variations  of  different  parameters  characterizing  the 
radar  backscattering  along  the  scan  lines  in  Fig.  3  have  been 
determined  and  are  plotted  in  Fig.  4.  These  parameters  are 
the  effective  normalized  radar  cross  sections  (NRCS)  at  X, 
C,  and  L  band,  VV  polarization  (Panel  A),  the  effective 
NRCS  at  C  and  L  band,  HV  polarization  (Panel  B),  and  the 
phase  difference  between  the  HH  and  the  VV  backscattered 
signals  (Panel  C).  Note  that  surface  scattering  as  well  as 
volume  scattering  contributes  to  the  effective  NRCS. 

Panel  A  of  Fig.  4  shows  that  the  variation  of  the  effective 
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Fig,  3:  Composite  of  two  SAR  images  acquired  at  X  (left) 
and  L  band  (right),  VV  pol.,  on  April  18,  1994,  at  08:11 
UTC  over  the  Gulf  of  Mexico  and  showing  radar  signatures 
of  tropical  rain  cells  (data  take  145.12,  image  center  at 
25.8°N  /  88.6°W,  incidence  angle  27.4°),  Inserted  are  lines 
along  which  the  variation  of  the  quantities  plotted  in  Fig.  4 
have  been  determined. 


Fig,  2:  Quasi-simultaneous  photograph  taken  with  a  hand¬ 
held  camera  from  the  Space  Shuttle  "Endeavor"  and  cover¬ 
ing  the  same  area  imaged  by  the  X  band  SAR  (see  Fig.  1). 

NRCS  is  largest  at  X  band  and  smallest  at  L  band.  Further¬ 
more,  the  position  where  the  effective  C  band  NRCS  starts  to 
decrease  is  further  to  the  right  (far-range)  than  the  position 
where  the  L  band  NRCS  starts  decreasing. 

THE  SCATTERING  MECHANISM 

The  fact  that  rain  cells  over  tropical  rain  forests  have 
strong  radar  signatures  at  X  band,  weak  signatures  at  C 
band,  and  almost  no  signature  at  L  band  shows  that  they 
must  be  associated  with  volume  scattering  at  hydrometeors 
in  the  atmosphere.  The  smaller  the  ratio  of  the  diameter  of 
the  hydrometeors  to  the  radar  wavelength,  the  smaller  is  the 
scattering  and  the  attenuation  of  the  microwaves.  The  radar 
backscattering  from  the  tropical  rain  forest  is  practically 
unaffected  by  the  rain.  Thus,  by  analyzing  multifre¬ 
quency  /  multipolarization  SAR  images  of  rain  cells  over 
tropical  rain  forests,  one  can  obtain  information  about  the 
height  of  the  melting  layer  as  well  as  about  the  distribution 
of  rain  drops  in  the  atmosphere. 

However,  in  addition  to  volume  scattering,  radar  signa¬ 
tures  of  rain  cells  over  the  ocean  are  also  affected  by  surface 
scattering.  Turbulence  induced  by  rain  impinging  on  the  sea 
surface  has  a  damping  effect  on  the  Bragg  waves  and  thus 
reduces  the  NRCS  [1].  On  the  other  hand,  rain  impinging  on 
the  water  surface  also  generates  ring  waves  which  increases 
the  NRCS. 

Furthermore,  rain  cells  are  often  associated  with  strong 
winds  at  the  ocean  surface  which  increase  the  surface  rough¬ 
ness  and  thus  the  radar  backscattering.  Therefore,  the  above 
mentioned  divergent  radial  wind  field  can  cause  nearly  cir¬ 
cular  bright  patterns  often  visible  on  SAR  images  acquired 
over  tropical  and  subtropical  ocean  areas. 

The  sketch  drawn  in  Fig.  5  illustrates  the  geometry  of  the 
imaging  of  a  rain  cell  by  a  side-looking  SAR.  The  five 
curves  in  the  lower  section  qualitatively  describe  the  varia¬ 
tion  of  the  image  intensities  (or  effective  NRCS)  at  different 
frequencies  and  polarizations  as  well  as  the  HH-VV  phase 
difference  at  C  band.  When  the  X  band  radar  signal  hits  the 
rain  drops  in  the  atmosphere,  it  gives  first  rise  to  an  increase 
of  the  effective  NRCS  at  short  ground  ranges  (according  to 
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the  SAR  imaging  mechanism,  atmospheric  radar  echoes  of 
the  same  slant  range  are  mapped  into  the  same  ground  range 
resolution  cell  towards  near-range).  Secondly,  it  leads  to  a 
reduction  of  the  effective  NRCS  in  far-range  which  is  caused 
by  signal  attenuation  by  the  rain  drops  in  the  atmosphere. 
This  explains  the  combination  of  bright  spots  and  dark 
"shadows"  visible  in  X  band  SAR  images  of  rain  cells  (see 
Fig.  3,  left  panel)  as  well  as  the  effective  X  band  NRCS 
shown  in  Panel  A  of  Fig.  4. 

The  radar  wavelength  is  much  larger  at  L  band  than  at  X 
band  (24  cm  versus  3  cm),  and  therefore  the  L  band  micro- 
waves  are  practically  unaffected  by  rain  in  the  atmosphere. 
The  decrease  of  the  effective  NRCS  at  L  band  is  thus  mainly 
due  to  the  damping  of  the  Bragg  waves  by  rain-induced 
turbulences  in  the  upper  water  layer.  Note  that  the  areas  of 
reduced  effective  NRCS  at  X,  C,  and  L  band  are  displaced 
from  each  other  in  Fig.  5  which  agrees  with  the  respective 
scan  lines  shown  in  Panel  A  of  Fig.  4. 

The  effective  NRCS  at  C  band,  cross  polarization,  (Panel 
B)  is  especially  large  in  the  transition  region  (i.e.,  the  region 
where  the  X  band  effective  NRCS  drops)  which  shows  that, 
at  this  range,  volume  scattering  must  be  the  dominant  scat¬ 
tering  mechanism  at  C  band  (the  cross  polarization  NRCS  is 
small  for  Bragg  scattering  at  the  sea  surface). 

Finally,  the  change  of  the  phase  difference  between  the 
HH  and  the  VV  signal  at  C  band  (Panel  C)  indicates  that  the 
C  band  microwaves  have  propagated  through  rain  in  the 
atmosphere.  The  different  influence  of  the  rain  on  the  phases 
of  H  and  V  polarized  nhcrowaves  causes  this  phase  differ¬ 
ence  (see  [4]). 


distance  [km] 

Fig.  4:  Variation  of  the  eff.  NRCS  at  VV  (Panel  A)  and  HV 
pol.  (Panel  B),  and  of  the  HH-VV  phase  difference  (Panel  C) 
along  the  scan  line  shown  in  Fig.  3.  The  solid,  dotted,  and 
dashed-dotted  lines  denote  L,  C,  and  X  band,  respectively. 


Fig.  5:  Sketch  of  the  scattering  geometry  of  a  rain  cell  im¬ 
aged  by  a  side-looking  radar.  Below,  the  intensity  variations 
in  range  direction  at  X,  C,  and  L  band,  VV  pol.,  (Xw,  Cw, 
and  Lyv),  C  band,  HV  pol.,  {Chv  )  as  well  as  of  the  C  band 
HH-VV  phase  difference  {Chh-Cw)  are  shown  qualitatively. 

CONCLUSIONS 

Multifrequency  /  multipolarization  SAR  imagery  of 
(tropical)  rain  cells  acquired  over  land  can  be  used  to  obtain 
information  on  the  distribution  of  rain  in  the  atmosphere  as 
well  as  on  the  height  of  the  melting  layer.  In  addition,  if 
acquired  over  the  ocean  it  can  also  be  used  to  extract  infor¬ 
mation  on  the  rain  impinging  on  the  sea  surface  and  on  the 
wind  gusts  associated  with  them.  However,  an  optimum 
algorithm  for  inverting  the  radar  signatures  into  geophysical 
parameters  has  still  to  be  developed. 
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Abstract  —  Determination  of  scattered  urban  areas  in  ver\^ 
heterogeneous  emironment  can  prove  to  be  quite  difficult 
using  conventional  classification  techniques  of  remotely 
sensed  images.  On  the  other  hand,  fuzzy  logic  metho<fe 
enable  this  difficulty  to  be  overcome  by  assigning  one  pixel 
to  more  than  one  class  according  to  a  membership  grade, 
determined  using  a  pre-defined  fiinction. 

In  this  study,  urban  area  liave  been  classified  using  fuzzy 
logic  methods.  The  analysis  was  performed  on  a  Landsat- 
TM  sub-scene  (800X600  pixels)  acquired  over  the  pro\ince 
of  Catanzaro  (Calabria.  Italy).  The  intrinsic  characteristics 
of  the  ground  coverage,  as  well  as  the  rough  topography, 
contribute  to  make  this  area  a  ver>^  heterogeneous  one. 

The  image  was  classified  using  a  Fuzzy  Parallelepiped 
classifier  and  membership  values,  associated  to  each  pixel, 
were  calculated.  For  each  pixel  the  classes,  which 
contributed  the  most  were  kept  for  the  determination  of  the 
final  pixel  assignment.  Global  accuracy  of  fiizz\^ 
classification,  estimated  on  mixed  test  area  (chosen  during  a 
2”"^  ground  truth  campaign)  reached  a  level  of  0.75 

Urban  areas  were  identified  analysing  the  images  that 
represent  the  combinations  of  “Urban”  class  with  the  other 
classes. 

The  fuzzy  classification  results  were  compared  to  image 
classified  using  the  traditional  techniques,  minimum 
distance  and  maximum  likelihood.  In  terms  of  global 
accuracy,  fuzz>^  teclmique  appeared  to  be  more  accurate  than 
conventional  techniques. 


INTRODUCTION 

One  difficult,  although  interesting,  aspect  of  remotely 
sensed  images  classification  is  the  extraction  of  urban  areas 
when  they  appear  as  heterogeneous  scattered  patches.  Being 
able  to  clearly  describe  these  areas  is  however  mandator>^  for 
adequate  land  planning  and  monitoring. 

In  the  present  work,  the  analysis  was  performed  on  a 
Landsat5  TM  sub  area  of  800x600  pixels  (432  km2) 
acquired  over  the  county  of  Catanzaro  (Calabria.  Italy).  This 
area  is  highly  representative  of  scattered  urban  settlement, 
characterized  by  a  mixture  of  modest  inland  housing,  often 
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abandoned  or  altered,  and  more  recent  coastal  housing 
anarchically  erected  without  any  foreseen  planification. 

Topographically  speaking,  the  area  is  mainly  covered  by 
steep  hills  quite  hard  to  cultivate.  The  best  arable  fields  are 
then  intensively  used  by  combining  up  to  three  different 
types  of  culture  at  the  same  location.  The  radiance  reaching 
the  sensor  is  then  modulated  by  the  spectral  signature  of 
more  than  one  type  of  ground  cover.  In  such  a  very 
heterogeneous  area,  conventional  methods  obviously  fail  to 
adequately  represent  this  ground  cover:  the  pixel  is 
authoritatively  assigned  to  the  class  whose  spectral 
characteristics  are  the  closest,  without  taking  into  account 
the  possibility  of  mixed  signatures.  On  the  other  hand,  fuzzy 
logic  classifiers  allow  to  assign  each  pixel  to  more  than  one 
class  in  a  proportion  given  by  the  membership  value  of  this 
pixel  to  all  the  considered  classes. 


METHODOLOGY 

The  first  step  of  a  fiizzy  logic  classification  is  then  to 
describe  the  membership  functions  to  each  desired  class. 
These  classes  have  been  selected  according  to  the  one 
present  on  the  official  Italian  maps  produced  b\^  the  Istituto 
Nazionale  di  Statistica  (1ST AT).  In  our  study^  area,  the  most 
representated  classes  are:  cultivated  area  (  w^heat.  oats). 
orchards  (olives,  oranges),  forest  (deciduous,  evergreen). 
grass  covered  area  (pasture,  fallowO,  mn  vegetated  area 
(beach,  riverside),  and  urban  area.  Due  to  the  topographical 
constraints,  it  has  been  necessar>'  to  split  the  forest  class  into 
two  sub-classes:  forest  on  sunny  slopes  and  forest  on  shady 
slopes. 

Thereafter,  103  training  sites  were  identified  in  the  field 
and  their  spectral  signatures  calculated.  The  mixed  nature  of 
these  pixels  was  strictly  reported  for  further  e\^luation  of  the 
method.  Trapezoidal  membership  functions  were  chosen 
with  the  core  of  the  function  being  represented  by  the 
inter\  al  bounded  by  the  minimum  and  the  maximum  values 
determined  for  each  class  using  the  spectral  signatures  of  the 
training  sites.  The  functions  were  defined  like  this: 

if  MinLp  <  Xj  <  Max^p,  then  jii(Xj)  =  1 


1373 


if  0  <  Xj  <  Mini,p,  then  |Aj{Xj)  =  f  (Xj)  (1) 

if  Maxj  p  <  Xj  <  255,  then  (ij(xj)  =  f2(Xj) 

where; 

Hi(xj)  =  membership  value  of  the  jtb  pixel  to  ith  class 

MiUj  p  ,  Maxi  p  =  minimum/maximum  value  in  the  pth  band 

for  ith  class 

1 

fi(xj)  =  77 — 

Mm,  p  ^ 

1  255 

-255  ■'  -255^ 

In  order  to  belong  to  a  class,  a  pixel  must  comply  with  the 
membersliip  function  of  this  class  in  all  spectral  bands.  The 
final  meml^rship  value  of  a  pixel  to  a  given  class  is  then 
obtained  1^^  a  t-nonn,  chosen  here  according  to  the  Zadeh 
definition  and  such  as: 

6 

|x,(Xi)  =  Min  (Xj)  (2) 

p=l 

where: 

i  =  ith  class,  (i  =  1,  7) 
p  =  p//?  band,  (p  ”  1,  6) 

RESULTS 

Membership  values  of  each  class  being  calculated  for  all 
pixels,  \\Q  first  ranked  them  in  descending  order  and 
extracted  the  first  two  values.  The  two  most  contributing 
classes  and  their  respective  contribution  are  now  attached  to 
each  pixel.  In  order  to  visualize  this  result,  two  different 
t>pes  of  images  were  produced.  The  first  one  representing 
the  mixed  classes  and  the  seeond  one  representing,  for  each 
mixed  class,  the  degree  of  mixture. 

In  the  first  case  encoding  was  performed  as  follows.  The 
number  of  classes  being  less  than  10  each  pixel  is  attributed 
a  2  digit  number.  The  first  digit  corresponds  to  the  most 
contributing  class  Ml  and  the  second  to  the  second  most 
contributing  class  M2.  If  M1=0  the  pixel  is  non  classified 
and,  if  M2=0,  the  pixel  is  considered  as  being  " pure 
this  method  a  number  of  1 1  mixed  classes,  among  a  potential 
of  15,  were  identified.  They  effectively  correspond  to 
possible  occurrence  in  the  field.  As  this  image  does  not 
reflect  the  degree  of  membership  to  each  class,  11  more 
images  were  created  representing  the  mixed  classes. 

The  degree  of  membership  has  been  reduced  to  5  levels  in 
order  to  ease  the  interpretation.  Each  pixel  has  been  assigned 
to  a  2  digit  number.  The  first  digit  corresponds  to  the 


membership  value  of  class  Ml  and  the  second  to  the 
membership  value  of  class  M2. 


Figure  1:  Example  of  chosen  membership  function 


In  order  to  verify  the  overall  accuracy  of  the  classification 
the  confusion  matrix  was  calculated  on  a  sample  of  pixels 
extracted  according  to  the  simple  sampling  method.  The 
global  precision  index  K  was  equal  to  0.75  while  it  reached  1 
for  all  pure  and  mixed  urban  classes. 

Finally,  the  image  wus  also  classified  using  more 
traditional  algorithms  such  as  maximum  likelihood  and 
minimum  distance.  In  this  case  accuraev^  was  evaluated  on 
pure  pixels  only. 

For  maximum  likelihood,  global  accuracy  was  0.29,  going 
down  to  0. 17  for  the  urban  class.  In  the  case  of  the  minimum 
distance,  these  numbers  became  0.23  and  0.30  respectively. 
Table  1  summarizes  the  results  obtained  with  the  three 
methods. 


CONCLUSION 

Fuzz}^  logic  methods  have  proven  to  be  more  adequate 
than  conventional  methods  for  the  classification  of  mixed 
areas.  Both  the  overall  accurac\^  and  the  level  of  intrinsic 
infonnation  have  been  substantially  increased  by  using  fuzz>" 
logic.  It  should  therefore  be  preferred  in  all  cases  of  mixed 
classes  interpretation.  In  the  special  case  of  urban  area 
interpretation  w  here  mixture  is  inherent  to  the  class  (a  town 
is  not  a  giant  block  of  concrete)  it  should  allow-  the  wider  use 
of  remote  sensing  images  for  urban  planning  and 
monitoring. 
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Table  1 :  Comparison  between  results 


jpURE  CLASSES 

MAX.LIK, 

MIN.DISr 

FUZZY  P. 

nOrchards 

73191 

18920 

45 

ICultivated  area 

37526 

77439 

10606 

yForest  (shady  area) 

18878 

12005 

17325 

Forest 

108156 

150650 

45127 

Grass  covered  area 

91524 

10306 

- 

Urban  area 

9364 

4680 

3001 

Non  vegetated  area 

5235 

1739 

4493  1 

MIXED  CLASSES 

—  1 

Orchards+Cultiv,  a. 

- 

- 

5517 

Orchards+Forcst 

- 

- 

6278 

Orchards+Urban  a. 

- 

- 

143 

Cultiv.arca+Forcst 

- 

96190 

Cu!tiv*a,+  Grass  t%a. 

- 

- 

53331 

Cultiv.a.+l]rban  a. 

- 

- 

4171 

Cult.a.+Non  vegeta. 

- 

- 

1446 

For€St+  F.Shady  a. 

- 

17981 

Forcst+Urban  area 

- 

- 

4295 

Grass  cov.a.+Forest 

- 

82827 

N,  vcg.a.+Urban  a. 

- 

- 

597 

Total  pure  pixels 

343874 

275739 

80597 

Total  mixed  pixels 

- 

- 

272776 

Non  classified 

310206 

378341 

300707 

Total 

654080 

654080 

654080 

Global  accuracy  (K 

0.29 

0.23 

0.75  1 

lindex) 

1 

f6]  Zadeh  L.  A.,  “Outline  of  a  New  Approach  to  the  Analysis 
of  Complex  Systems  and  Decision  Processes”,  in  IEEE 
Trans.  Sys..  Man  Cyb.,  vol.  SMC-3,  n.  1,  January  1973, 
pp.28-44. 
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ABSTRACT 

In  this  paper  we  present  a  novel  method  for  mixed  pixel  clas¬ 
sification  where  the  classification  of  groups  of  mixed  pixels  is 
achieved  by  using  robust  statistics.  The  method  is  demonstrated 
using  simulated  data  and  is  also  applied  to  real  Landsat  TM  data. 

1.  INTRODUCTION 

The  motivation  of  our  work  is  to  monitor  burned  forest  regions 
for  several  years  after  the  fire  so  that  the  regeneration  processes 
can  be  evaluated.  We  are  interested  in  assessing  the  degree  of 
presence  of  three  classes  in  a  region:  aleppo  pine,  bare  soil  and 
other  vegetation,  using  Landsat  TM  images.  In  the  past  we  ad¬ 
dressed  the  problem  of  mixed  pixel  classification  when  whole 
regions  of  mixed  pixels  have  to  be  classified,  by  treating  the  lu¬ 
minance  of  each  pixel  as  a  random  variable  [2].  In  this  work  we 
address  the  same  problem  but  in  a  way  that  is  applicable  to  cases 
that  our  previous  approach  is  unreliable,  namely  when  outliers 
are  present  which  is  often  the  case  when  one  has  to  deal  with 
real  data. 

2.  THE  PROPOSED  METHOD 

In  the  linear  mixing  model  adopted  here,  it  is  assumed  that  the 
pixel  value  in  any  spectral  band  is  given  by  the  linear  combi¬ 
nation  of  the  spectral  responses  of  each  component  within  the 
pixel  [1],[6],  ie 

w  ~  ax  +  hy  +  cz  (1) 

where  lo  is  the  known  spectral  reflectance  of  a  mixed  pixel,  x, 
y  and  are  the  known  spectral  reflectances  of  the  three  possi¬ 
ble  cover  components  within  the  mixed  pixel  and  a,  b  and  c 
are  the  proportions  to  be  estimated  for  each  component  con¬ 
tained  in  the  mixed  pixel.  The  method  often  used  for  this  pur¬ 
pose  is  that  of  least  squares  fitting.  It  is  well  known,  however, 
that  the  method  of  least  squares  is  particularly  sensitive  to  out¬ 
liers.  What  we  propose  in  this  paper  is  the  use  of  a  Hypothesis 
Testing  Hough  transform. 
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The  linear  mixing  equation  can  be  considered  as  the  equa¬ 
tion  of  a  hyper-plane  in  luminance  space  where  we  measure  one 
type  of  luminance  along  each  axis.  What  we  are  interested  in 
identifying  are  the  parameters  a,  b,  c  of  this  plane.  The  Hough 
transform  is  mainly  used  to  identify  straight  lines  in  images,  but 
more  generally  Hough  transform  can  be  thought  of  as  a  trans¬ 
formation  into  the  parametric  domain  where  we  seek  to  identify 
sets  of  real  data  that  indicate  the  same  values  of  the  parameters 
for  the  parametric  hyper-surface  they  define. 

In  our  case  this  hyper- surface  is  a  plane  defined  in  the  3D  do¬ 
main  of  the  luminances  of  the  three  pure  classes,  which  is  pa¬ 
rameterized  by  the  reflectances  of  different  mixed  pixels.  The 
advantage  of  the  Hypothesis  Testing  Hough  transform  over  the 
conventional  one  [3]  is  that  it  creates  a  continuous  accumula¬ 
tor  function,  as  opposed  to  a  discrete  accumulator  array,  which 
can  be  sampled  as  densely  as  it  is  necessary  and  which  can  be 
calculated  at  any  point  with  as  much  accuracy  as  it  is  allowed 
by  the  data  (i.e.  the  binning  error  of  the  conventional  Hough 
is  eliminated)  [4].  As  our  proportions  have  to  sum  up  to  1,  our 
accumulator  function  is  2D.  This  array  is  sampled  at  a  set  of 
chosen  (a,b)  points.  For  each  hypothesized  set  of  (a,b)  values 
and  each  triplet  of  (x,y,z)  values  drawn  from  the  sets  of  points 
that  represent  the  pure  classes,  we  can  estimate  the  reflectance 
vector  wh  using: 

Wff  =  z  +  a{x  -  ^)  +  b{y  -  z)  (2) 

The  components  of  this  vector  then,  which  are  the  hypothesized 
reflectances  of  the  mixed  pixel  in  each  of  the  spectral  bands, 
are  compared  with  the  corresponding  components  of  each  of 
the  mixed  pixels  in  the  mixed  pixel  set  in  turn.  The  hypothe¬ 
sized  values  (a,b)  are  confirmed  or  rejected  by  each  mixed  pixel 
tested  according  to  a  kernel  function  used,  that  weights  the  dif¬ 
ference  between  the  hypothesized  reflectances  of  the  mixture 
and  each  of  the  true  reflectances.  A  suitable  kernel  function  as 
proved  in  [4]  is  given  by  the  following  equation. 

^(0  =  ne<Js>  ® 

i=l 
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with 


5(3,)  =  I  fori<l 

t  0  otherwise 

where  i  ~  1, . . . ,  n  are  the  bands  that  are  going  to  be  used  in  the 
analysis,  =  WHi  ~  wxi  is  the  difference  between  the  hypoth¬ 
esized  reflectance  and  the  real  one,  m  is  an  even  integer  greater 
than  two,  in  our  case  we  decided  to  use  m  =  4  and  width  is  the 
width  of  the  voting  kernel. 

The  width  of  the  voting  kernel  depends  on  the  uncertainty  of 
our  data.  We  can  better  explain  that  by  realizing  that  a  given 
reflectance  w  of  a  certain  mixed  pixel  can  be  created  by  more 
than  one  combinations  of  values  x,  y,  z,  due  to  the  intraclass 
variability  of  the  pure  classes.  It  can  be  shown  that  a  suitable 
width  for  the  voting  kernel  that  reflects  this  uncertainty  would 
be: 

width  ~  m.ax{ _ _  ) 

Wi-ZiY 

where  cr,;  is  the  standard  deviation  of  the  most  diverse  class  and 
^  are  the  means  of  the  pure  classes. 

When  all  possible  quadruples  of  the  data  have  been  consid¬ 
ered,  the  highest  peak  in  the  accumulator  indicates  which  are 
the  proportions.  These  values  can  then  be  further  refined  by  us¬ 
ing  a  hill  climbing  method  in  the  accumulator  function  [5]. 

3.  TESTING  OF  THE  PROPOSED  METHOD  WITH 
SIMULATED  DATA 

Our  method  is  at  first  assessed  using  simulated  data  to  repre¬ 
sent  the  pure  and  the  mixed  classes.  Three  distributions  were 
artificially  created  to  represent  the  three  “pure”  classes,  which 
were  assumed  normally  distributed  in  each  band.  The  means 
and  covariance  matrices  of  each  of  the  simulated  distributions 
were  chosen  to  be  the  same  as  those  computed  from  real  test 
sites  on  a  remotely  sensed  image  that  were  known  to  represent 
almost  pure  classes.  Next,  a  mixture  distribution  was  created, 
from  the  three  pure  distributions  using  the  following  propor¬ 
tions  a  =  30%,  h  —  60%  and  c  —  10%  and  some  outliers  were 
added.  We  represent  each  distribution  by  a  set  of  points  (30 
samples)  and  we  try  to  estimate  the  proportions  of  the  classes 
in  the  set  of  mixed  pixels.  Only  two  bands  were  used  for  all  the 
experiments  described  below.  The  sampling  of  the  accumulator 
function  was  performed  with  5%  accuracy. 

The  parameters  that  vary  in  the  following  experiments  arc: 
the  type  of  outliers,  the  number  of  outliers  and  the  position  of 
outliers  added  to  the  mixed  distribution.  We  can  distinguish 
two  main  types  of  outliers,  the  ones  that  follow  a  certain  pattern 
e.g.  a  cluster  {coherent  ouXWqys)  and  those  that  are  positioned  in 
random  places  {random  outliers). 

The  lesults  of  the  Hypothesis  Testing  Hough  Transform 
(HTHT)  method  are  compared  with  the  solution  obtained  by  the 
least  square  error  (LSE)  [2]  method  and  by  the  standard  Hough 


Figure  1 :  Outliers  placed  on  a  given  distance  (3,6  and  9  times 
the  standard  deviation)  from  the  mixed  set. 


Transform  (HT)  [3],  The  results  are  presented  in  terms  of  the 
relative  errors  in  the  computed  proportions. 

At  first  we  will  examine  coherent  outliers.  Some  sets  used  to 
represent  the  “pure”  and  the  “mixed”  classes  with  such  outliers 
are  shown  in  Fig.  I . 

Each  experiment  was  repeated  100  times,  each  time  a  differ¬ 
ent  set  of  points  was  drawn  to  represent  the  “mixed”  class.  Then 
the  average  and  the  variance  of  the  errors  in  estimating  the  pro¬ 
portions  were  calculated.  The  results  of  these  experiments  are 
shown  in  Table  1. 

From  Table  1  we  can  see  that  the  Hough  methods  are  not  af¬ 
fected  by  the  outliers  no  matter  how  far  they  were  placed.  The 
Hypothesis  Testing  Hough  gave  more  accurate  results  as  ex¬ 
pected.  The  LSE  method  though  seems  to  be  affected  by  the 
distance,  and  its  performance  deteriorates  as  the  outliers  were 
placed  further  away.  The  error  in  estimation  of  proportion  c  is 
the  largest  one,  which  was  expected  since  c  is  small,  [2]. 

So  far  we  examined  only  coherent  outliers  now  we  are  go¬ 
ing  to  examine  random  outliers  as  well.  These  outliers  are  ran¬ 
domly  chosen  at  distances  in  the  range  between  0  and  12  stan¬ 
dard  deviations  from  the  mixed  set.  In  this  experiment,  for  a 
certain  number  of  random  outliers,  a  number  of  mixed  sets  were 
generated  and  tested.  The  average  and  the  standard  deviation  of 
the  errors  in  proportion  estimation  based  on  100  experiments 
using  different  “mixed”  sets,  are  shown  in  Table  2. 

The  Hough  methods  performed  well,  while  the  LSE  method 
is  more  significantly  affected  by  the  outliers,  although  not  as 
much  as  by  the  presence  of  the  coherent  outliers,  because  the 
effect  of  random  outliers  tends  to  average  out.  Thus,  the  more 
the  outliers  are  and  the  more  uniformly  distributed  about  the 
mixed  distribution  are,  the  better  the  LSE  method  will  perform 
because  the  mean  of  the  mixture  distribution  will  not  be  affected 
by  their  presence.  However,  such  an  improvement  in  the  per¬ 
formance  of  the  classical  method  is  clearly  artificial. 
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Distance 

Outliers 

1  HTHT  1 

HT  n 

1  LSE 

a 

b 

c 

a 

b 

c 

a 

b 

c 

3 

io% 

9(9) 

5  (5) 

49  (44) 

12(11) 

4(5) 

57  (49) 

11  (10) 

4(4) 

45  (25) 

. 

20% 

10(11) 

5(6) 

61  (46) 

13(11) 

5  (5) 

68  (46) 

24(17) 

7(5) 

82  (54) 

- 

30% 

10(9) 

5  (5) 

48  (45) 

14(10) 

5  (5) 

55  (48) 

37  (25) 

11  (6) 

108(100) 

- 

40% 

16(15) 

8(12) 

77  (88) 

17(15) 

7(12) 

78  (85) 

43  (32) 

14(8) 

133  (126) 

6 

10% 

11(10) 

4(5) 

53  (39) 

14(11) 

4(5) 

59  (49) 

24  (20) 

8(6) 

86  (70) 

. 

20% 

12(10) 

4(5) 

53  (44) 

13(11) 

4(4) 

52(41) 

46  (32) 

14(8) 

121  (119) 

- 

30% 

11  (9) 

5  (5) 

57  (45) 

14(11) 

5  (5) 

63  (46) 

56  (33) 

22(11) 

156  (156) 

- 

40% 

11(9) 

5  (5) 

51  (40) 

13(10) 

4(5) 

54  (41) 

66  (34) 

28(14) 

171  (183) 

9 

10% 

9(10) 

4(4) 

49  (42) 

11  (11) 

4(4) 

51  (44) 

32  (23) 

12(7) 

98  (90) 

. 

20% 

10(10) 

5  (5) 

47  (43) 

13(11) 

5  (5) 

57  (44) 

49  (35) 

22(10) 

170(158) 

. 

30% 

12(10) 

6(5) 

57  (47) 

14(10) 

5  (5) 

59  (47) 

75  (32) 

33(17) 

229  (231) 

- 

40% 

11  (11) 

5  (5) 

55  (46) 

14(12) 

6(5) 

64  (46) 

77  (34) 

42  (22) 

189  (226) 

Table  1 :  Ejfect  of  coherent  outliers  present  in  the  mixed  distribution.  The  numbers  in  the  table  are  the  average  relative  errors  over 
]00  experiments  conducted.  Inside  parentheses  are  the  variances  of  these  errors. 


Outliers 

1  HTHT  1 

f  HT  i 

1  LSE 

a 

b 

c 

a 

b 

c 

a 

b 

c 

10% 

11(9) 

4(4) 

50  (41) 

13(9) 

4(5) 

56  (41) 

11(10) 

5  (5) 

46  (36) 

20% 

11  (8) 

4(5) 

50  (45) 

13(9) 

4(5) 

57  (45) 

18(18) 

7(7) 

61  (57) 

30% 

9(10) 

4(5) 

50  (44) 

13(10) 

4(5) 

59  (44) 

22  (23) 

7(6) 

82  (80) 

40% 

13(11) 

6(5) 

60  (50) 

15(13) 

6(5) 

65  (54) 

30  (27) 

8(8) 

103  (106) 

Table  2:  Effect  of  random  outliers  present  in  the  mixed  distribution.  The  numbers  in  the  table  are  the  average  relative  errors  over 
100  experiments  conducted  and  inside  parentheses  are  the  variances  of  these  errors. 


4.  APPLICATION  ON  REAL  IMAGES 

Since  the  simulation  results  showed  that  our  model  performs 
well,  we  then  tested  it  with  a  real  application.  The  aim  was 
to  decide  on  the  type  of  vegetation  in  an  area  located  close  to 
Athens,  the  capital  of  Greece.  The  training  site  data  used  in  this 
work  were  collected  by  the  Institute  of  Mediterranean  Forest 
Ecosystem  -  National  Agricultural  Research  Foundation 
(NARF)  of  Greece  for  evaluating  the  potential  forest  regenera¬ 
tion,  risk  of  erosion  and  risk  of  desertification. 

As  we  had  no  regions  solely  composed  of  one  class,  we  de¬ 
rived  the  attributes  of  the  real  pure  classes  (e.g  mean  vectors) 
from  sites  that  we  know  their  composition ,  using  regression  tech¬ 
niques  [2].  For  this  purpose  we  used  39  sites  for  which  ground 
measurements  where  available.  At  the  stage  of  the  evaluation 
of  our  method  we  created  30  simulated  points  to  represent  the 
pure  classes.  Then  we  tested  our  model  with  14  sites  that  they 
had  not  been  used  for  the  derivation  of  the  pure  class  attributes. 
From  these  sites,  9  sites  were  classified  correctly  in  the  sense 
that  the  dominant  class  was  identified  correctly. 

5.  CONCLUSIONS 

In  this  paper  we  discussed  the  use  of  Hypothesis  Testing  Hough 
Transform  for  the  unmixing  problem.  With  a  series  of  exper¬ 
iments  performed  with  simulated  data  we  showed  that  HTHT 
can  be  very  stable.  All  our  results  were  compared  with  the  clas¬ 
sical  Least  Square  Error  method  which  was  used  as  a  bench 
mark.  The  advantage  of  the  Hough  method  is  its  ability  to  cope 
with  large  numbers  of  outliers  in  the  mixture  distribution. 


The  problem  of  exponential  explosion  of  the  number  of  qua¬ 
druples  one  can  use  has  also  to  be  considered.  This  is  really  the 
limiting  factor  in  our  approach:  It  is  not  feasible  to  use  it  for 
large  data  sets  or  for  many  “pure”  classes. 
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Abstract  -  This  paper  presents  a  new  approach  to  identifying 
and  eliminating  mislabeled  training  samples.  The  goal  of  this 
technique  is  to  decrease  the  error  of  classification  algorithms 
by  improving  the  quality  of  the  training  data.  The  approach 
employs  an  ensemble  of  classifiers  that  serve  as  a  filter  for  the 
training  data.  Using  an  n-fold  cross  validation,  the  training  data 
is  passed  through  the  filter.  Only  samples  that  the  filter  classifies 
correctly  are  passed  to  the  final  classification  algorithm.  An 
empirical  evaluation  of  the  approach  on  the  task  of  automated 
land  cover  mapping  illustrates  that  the  ensemble  filter  approach 
is  an  effective  method  for  identifying  labeling  errors. 

INTRODUCTION 

Current  information  and  data  related  to  global  land  cover 
is  poor  and  labeling  errors  in  land  cover  maps  arise  from  a 
multitude  of  sources  including  lack  of  consistency  in  the  veg¬ 
etation  classification  used,  variable  measurement  techniques, 
and  variation  in  the  spatial  sampling  resolution  [1].  This  work 
focuses  on  improving  the  quality  of  the  training  data  for  super¬ 
vised  classification  algorithms  by  identifying  and  eliminating 
mislabeled  samples. 

We  introduce  a  method  for  identifying  mislabeled  samples 
that  serves  as  a  general  method  that  can  be  applied  to  a  dataset 
before  feeding  it  to  a  specific  classification  algorithm.  The  basic 
idea  is  to  use  a  set  of  classification  algorithms  that  serve  as  a 
filter  for  the  training  data.  Using  an  n-fold  cross  validation,  the 
training  data  is  passed  through  the  filter  to  remove  mislabeled 
samples. 

We  present  an  empirical  evaluation  of  the  approach  on  the 
task  of  building  classifiers  to  perform  automated  land  cover 
mapping  from  remotely  sensed  data.  Our  evaluation  shows 
that  removing  mislabeled  samples  by  filtering  significantly  im¬ 
proves  predictive  accuracy  for  this  domain. 

FILTERING  TRAINING  SAMPLES 

This  section  describes  a  general  procedure  for  identifying 
and  eliminating  mislabeled  samples  from  a  training  data  set. 
The  first  step  is  to  identify  candidate  samples  by  using  m  clas- 
0-7803-3068-4/96$5.00©1996  IEEE 
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sification  algorithms  (called  filter  algorithms)  to  tag  samples 
as  correctly  or  incorrectly  labeled.  To  this  end,  a  n-fold  cross- 
validation  is  performed  over  the  training  data.  For  each  of  n 
subsets,  the  m  algorithms  are  trained  on  the  other  n  —  1  subsets. 
The  m  resulting  classifiers  are  then  used  to  tag  each  sample  in 
the  excluded  part  as  either  correct  or  mislabeled.  An  individual 
classifier  tags  an  sample  as  mislabeled  if  it  cannot  classify  the 
sample  correctly.  At  the  end  of  the  n-fold  cross-validation  each 
sample  in  the  training  data  has  been  tagged. 

The  second  step  is  to  form  a  classifier  using  a  new  version 
of  the  training  data  for  which  all  of  the  samples  tagged  as  mis¬ 
labeled  are  removed.  The  filtered  set  of  training  samples  is 
provided  as  input  to  the  final  classification  algorithm.  The  re¬ 
sulting  classifier  is  the  end  product  of  the  approach.  Specific 
implementations  of  this  general  procedure  differ  from  other 
filter  algorithms  in  how  the  filtering  is  performed,  and  in  the 
relationship  between  the  filter  algorithm(s)  and  the  final  algo¬ 
rithm.  In  our  implementation  we  employ  a  consensus  filter. 
Specifically,  we  discard  only  those  samples  that  all  of  the  indi¬ 
vidual  classifiers  tag  as  mislabeled. 

This  method  was  motivated  by  the  technique  of  removing 
outliers  in  regression  analysis.  An  outlier  is  a  case  (an  sam¬ 
ple)  that  does  not  follow  the  same  model  as  the  rest  of  the 
data,  appearing  as  though  is  comes  from  a  different  probability 
distribution.  Candidates  are  cases  with  a  large  residual  error. 

Here,  we  apply  this  idea  by  using  a  set  of  classifiers  formed 
from  part  of  the  training  data  to  test  whether  samples  in  the 
remaining  part  of  the  training  data  are  mislabeled.  One  impor¬ 
tant  difference  between  our  work  and  previous  approaches  to 
outlier  detection  is  that  our  approach  assumes  that  the  errors  in 
the  class  labels  are  independent  of  the  particular  model  being 
fit  to  the  data.  In  essence,  our  method  attempts  to  identify  data 
points  that  would  be  outliers  in  any  model, 

EMPIRICAL  EVALUATION 

This  research  was  motivated  by  the  nedd  for  improved  meth¬ 
ods  for  identifying  labeling  errors  in  land-cover  maps  of  the 
Earth’s  surface.  In  this  context,  we  evaluate  the  ability  of 
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Table  1:  Land  Cover  Classes 


Land  Cover  Type 

Samples 

broadleaf  evergreen  forest 

628 

coniferous  evergreen  forest  and  woodland 

320 

high  latitude  deciduous  forest  and  woodland 

112 

tundra 

735 

deciduous,  evergreen  and  woodland 

57 

wooded  grassland 

212 

grassland 

348 

bare  ground 

291 

cultivated 

527 

broadleaf  deciduous  forest  and  woodland 

15 

shrubs  and  bare  ground 

153 

consensus  filters  to  identify  mislabeled  training  samples  in  re¬ 
motely  sensed  data  that  was  labeled  using  existing  land  cover 
maps.  Our  experiments  use  three  well-known  classification  al¬ 
gorithms:  decision  trees  [3],  k-nearest  neighbor  [4]  and  linear 
discriminant  function  classifiers  [4].  To  simulate  the  type  of 
error  that  is  common  to  land-cover  maps,  we  artificially  in¬ 
troduced  noise  between  pairs  of  classes  that  are  likely  to  be 
confused  in  the  original  labels.  Our  experiments  are  designed 
to  evaluate  the  consensus  filter’s  ability  to  identify  mislabeled 
samples  and  the  effect  that  eliminating  mislabeled  samples  has 
on  predictive  accuracy. 

Data 

The  labeled  training  data  were  compiled  by  Defries  and 
Townsend  [5]  from  three  existing  maps  of  global  land  cover 
[6,  7,  8].  Only  those  locations  where  each  of  the  maps  listed 
above  were  in  agreement  were  selected  as  training  sites.  The 
spatial  resolution  of  these  data  is  one  degree  in  both  the  north- 
south  and  east-west  dimension.  These  training  locations  are 
co-registered  with  NDVI  data  from  the  Advanced  Very  High 
Resolution  Radiometer.  Each  one  degree  pixel  is  described  by 
a  time  series  of  twelve  NDVI  values  at  monthly  time  incre¬ 
ments  from  1987  and  by  its  latitude,  which  can  be  useful  for 
discriminating  between  classes  with  otherwise  similar  spectral 
properties. 

The  map  overlay  procedure  that  was  used  by  Defries  and 
Townsend  is  designed  to  improve  the  reliability  of  the  training 
data  relative  to  using  only  one  of  the  land  cover  source  maps. 
The  fact  that  only  5%  of  the  data  from  all  three  source  maps 
are  in  agreement  (i.e.  3398  out  of  180  x  360  pixels)  is  fur¬ 
ther  evidence  of  the  poor  state  of  knowledge  regarding  land 
cover  at  global  scales.  The  filtering  procedure  that  we  describe 
in  this  paper  is  designed  to  provide  a  robust  and  automated 
method  for  identifying  mislabeled  samples  that  will  comple¬ 
ment  “top-down”  training  data  selection  procedures  such  as  the 
one  described  above. 


Experimental  Method 

To  evaluate  the  ability  of  consensus  filters  to  detect  misla¬ 
beled  samples,  we  introduced  random  error  between  the  fol¬ 
lowing  pairs  of  classes: 

•  high  latitude  deciduous  forest  and  woodland  versus  tun¬ 
dra 

•  deciduous,  evergreen  and  woodland  versus  coniferous 
evergreen  forest  and  woodland 

•  wooded  grassland  versus  grassland 

•  bare  ground  versus  shrubs  and  bare  ground 

•  broadleaf  deciduous  forest  and  woodland  versus  decidu¬ 
ous,  evergreen  and  woodland 

We  chose  not  to  simulate  all  combinations  of  paired  error  for 
two  reasons.  First,  we  wanted  to  simulate  the  type  of  error 
that  might  occur  naturally  in  a  land  cover  dataset.  Second,  we 
wanted  to  assess  the  affect  of  the  filter  method  on  the  parts  of 
the  data  that  had  not  been  corrupted. 

For  each  of  ten  runs,  the  dataset  was  divided  into  a  training 
set  (90%)  and  a  testing  set  (10%).  For  each  run,  an  even 
distribution  over  the  classes  was  enforced  to  reduce  variation 
in  performance  across  different  runs.  We  wanted  the  data  used 
for  both  training  and  testing  to  mirror  the  class  distribution  of 
the  entire  data  set.  After  the  data  was  split  into  independent  train 
and  test  sets,  we  then  corrupted  the  training  data  by  introducing 
labeling  errors.  For  a  noise  level  x,  an  individual  observation 
whose  class  is  one  of  the  identified  pairs  has  an  x%  chance 
of  being  corrupted.  For  example,  a  sample  from  class  8  (bare 
ground)  has  an  x%  chance  of  being  changed  to  class  1 1  (shrubs 
and  bare  ground),  and  a  sample  from  class  1 1  has  an  x%  chance 
of  being  changed  to  class  8.  Using  this  method  the  percentage 
of  the  entire  training  set  that  is  corrupted  will  be  less  than  x% 
because  only  some  pairs  of  classes  are  considered  problematic. 

Filtering  and  Classification  Results 

For  each  of  five  noise  levels,  ranging  from  5%  to  40%,  we 
compared  the  average  predictive  accuracy  of  classifiers  trained 
using  filtered  and  unfiltered  data.  For  each  of  the  ten  runs  that 
make  up  the  average,  we  used  a  four- fold  cross-validation  to 
filter  the  corrupted  samples  from  the  training  data.  The  con¬ 
sensus  filter  consisted  of  the  following  base-level  classifiers:  a 
decision  tree,  a  linear  discriminant  function  and  a  k-NN  classi¬ 
fier.  To  assess  the  ability  of  the  consensus  filter  to  identify  the 
corrupted  samples  we  then  trained  each  of  the  three  algorithms 
twice:  first  using  the  unfiltered  dataset  then  using  the  filtered 
dataset.  The  resulting  classifiers  were  then  used  to  classify  the 
uncorrupted  test  data. 

Table  2  reports  the  accuracy  of  the  classifiers  formed  by 
each  of  the  three  algorithms  without  a  filter  (none)  and  with 
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Table  2:  Classification  Accuracy  of  the  Test  Samples 


Noise 

Level 

k-NN 

None  CF 

LDF 

None  CF 

DTree 
None  CF 

0 

87.3 

78.6 

85.6 

5 

84.4 

87.8 

76.7 

78.9 

84.4 

86.1 

10 

81.8 

86.4 

77.5 

79.2 

80.1 

85.1 

20 

75.8 

83.1 

70.2 

78.1 

75.2 

81.8 

30 

68.6 

75.2 

63.4 

74.0 

67.4 

74.2 

40 

58.4 

59.9 

49.0 

54.2 

56.9 

59.6 

a  consensus  filter  (CF)  when  applied  to  the  uncorrupted  test 
data.  Note  that  separate  data  were  used  to  construct  and  test 
the  classifiers.  The  first  row  of  the  table  reports  the  accuracy 
of  each  learning  method  when  trained  using  the  original  data 
(hereafter  the  base-line  accuracy).  Subsequent  rows  show  the 
classification  accuracy  achieved  with  filtered  versus  unfiltered 
training  data  for  increasing  amounts  of  noise. 

Filtering  significantly  improved  the  classification  accuracy 
(at  the  0.05  level  of  significance  using  a  paired  r-test)  in  all 
cases  except  when  a  linear  machine  was  the  final  classifier 
under  noise  levels  5%,  10%  and  40%.  For  noise  levels  of  5% 
and  10%  the  filter  method  is  able  to  achieve  the  same  accuracy 
as  the  original  uncorrupted  dataset.  At  20%  noise  the  accuracies 
of  the  /:-NN  and  the  decision  tree  constructed  from  the  filtered 
data  begin  to  drop,  but  not  as  substantially  as  when  they  are 
constructed  from  the  unfiltered  data.  For  example,  applying  a 
decision  tree  to  the  unfiltered  data  set  causes  a  drop  of  12.2% 
(100  *  (85.6  -  75.2)/  85.6)  from  the  base-line  accuracy  versus  a 
4.4%  drop  when  using  the  filtered  data.  At  30%  noise,  filtering 
cannot  fully  overcome  the  error  in  the  data,  but  does  manage  to 
achieve  higher  accuracy  than  using  the  unfiltered  data.  Finally, 
at  noise  levels  of  40%  and  over,  filtering  does  not  help. 

A  question  that  arises  is  whether  the  consensus  filter  is  just 
getting  rid  of  those  parts  of  the  data  that  are  difficult  to  classify, 
thereby  achieving  higher  overall  accuracy.  In  other  words,  is 
the  filtering  procedure  throwing  out  the  samples  of  a  particular 
class,  or  of  a  subset  of  the  classes,  to  achieve  higher  accuracy  on 
the  remaining  classes?  To  test  this  hypothesis  we  examined  the 
decision  tree’s  accuracy  for  classes  where  noise  was  not  added. 
For  each  of  these  classes  (classes  1  and  9)  filtering  did  not 
decrease  accuracy  and  in  some  cases  increased  accuracy.  These 
results  show  that  for  this  dataset,  filtering  does  not  sacrifice  the 
accuracy  of  some  of  the  classes  to  improve  overall  accuracy 
and  that  it  can  retain  base-line  accuracy  in  noisy  classes  for 
noise  levels  of  up  to  20%. 

CONCLUSIONS 


racy  for  a  land-cover  mapping  task  for  which  the  training  data 
contains  mislabeled  samples.  For  noise  levels  up  to  20%  filter¬ 
ing  allows  the  base-line  accuracy  to  be  retained.  An  evaluation 
of  the  precision  of  the  approach  shows  that  consensus  filters 
are  conservative  in  throwing  away  good  data  at  the  expense  of 
keeping  mislabeled  data. 

Finally,  the  issue  of  determining  whether  or  not  to  use  the 
consensus  filter  method  for  a  given  data  set  must  be  considered. 
For  the  work  described  here,  the  data  were  artificially  corrupted. 
Therefore  the  nature  and  magnitude  of  the  labeling  errors  were 
known  a  priori.  Unfortunately,  this  type  of  information  is  rarely 
known  in  practice.  In  some  situations,  it  may  be  possible  to 
use  domain  knowledge  to  estimate  the  amount  of  label  noise 
in  a  training  data  set.  For  situations  where  this  knowledge  is 
not  available,  the  conservative  nature  of  our  filtering  procedure 
dictates  that  relatively  few  samples  will  be  discarded  for  data 
sets  with  low  levels  of  labeling  error.  Therefore,  the  applica¬ 
tion  of  this  method  to  relatively  noise  free  dataset  should  not 
significantly  impact  the  performance  of  the  final  classification 
procedure. 
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This  article  presented  a  procedure  for  identifying  mislabeled 
samples.  The  results  of  an  empirical  evaluation  demonstrated 
that  the  consensus  filter  method  improves  classification  accu¬ 
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Abstract  -  In  this  paper,  detection  of  land-cover/land-use 
transitions  by  using  multitemporal  remote-sensing  images  is 
addressed.  An  iterative  approach  based  on  a  compound 
classification  of  multitemporal  images  is  proposed.  In 
particular,  a  technique  to  estimate  iteratively  the  probabilities 
of  transitions  among  classes  is  presented.  The  effectiveness  of 
the  proposed  approach  is  confirmed  by  experimental  results 
earned  out  on  multitemporal  remote-sensing  images  acquired 
by  the  Thematic  Mapper  of  Landsat  over  an  agricultural  area. 


INTRODUCTION 


Detection  of  land-coverAand-use  changes  is  one  of  the  most 
interesting  applications  of  the  analysis  of  multitemporal 
remote-sensing  images  [1].  In  fact,  the  availability  of  images 
of  the  earth  surface  acquired  by  satellites  at  different  times 
allows  the  monitoring  of  environmental  changes  occurred  [1]. 

Various  approaches  to  change  detection  can  be  adopted.  The 
most  widely  used  ones  detect  changes  by  comparing  the 
spectral  reflectances  of  multitemporal  raw  satellite  images 
[2].  However,  these  approaches  usually  do  not  aim  to  identify 
explicitly  what  kinds  of  land-coverAand-use  transitions  have 
taken  place  in  an  area  (e.g.,  the  fact  that  a  vegetated  area  has 
been  urbanized).  To  this  end,  techniques  based  on  the 
classification  of  multitemporal  images  (e.g.,  “post- 
classification  comparison”,  “direct  multidate  classification  ) 
have  to  be  used  [2].  However,  these  techniques  have 
significant  drawbacks:  the  accuracy  provided  by  the  post¬ 
classification  comparison  technique  is  strongly  reduced  by 
classification  errors;  supervised  direct  multidate  classification 
technique  require  the  knowledge  of  multitemporal  training 
samples  for  all  the  kinds  of  transitions  (usually  it  is  difficult 
to  have  such  training  data). 

In  this  paper,  we  address  the  detection  of  land-coverAand- 
use  transitions  by  using  multitemporal  remote-sensing 
images.  In  the  next  Section,  we  present  an  iterative  approach 
based  on  a  compound  classification  of  multitempord  images. 
In  particular,  a  technique  to  estimate  iteratively  the 
probabilities  of  land-cover  transitions  is  proposed. 
Experimental  results  are  reported  and  discussed  in  the  last 
Section. 

0-7803-3068-4/96$5.00©1996  IEEE 


DETECTION  OF  LAND-COVER  TRANSITIONS  -  AN 
ITERATIVE  APPROACH 

Let  us  consider  two  multispectral  remote-sensing  images, 
acquired  at  times  tj  and  t2,  respectively.  Let  each  couple  of 
pixels  ( X] ,  X2),  made  up  of  a  pixel  of  the  multispectral  image 
acquired  at  time  tj  and  of  the  spatially  corresponding  pixel  of 
the  multispectral  image  acquired  at  time  t2,  be  characterized 
by  the  couple  of  feature  vectors  ( Xi,  Xj).  For  each  couple  of 
image  pixels,  let  £2  ={0)i<  0)2'">  I*®  1^®  possible 

land-cover  classes  at  time  ti,  and  let  W  ={wj,  W2,-,  wm)  1>® 
the  set  of  possible  land-cover  classes  at  time  t2.  For  each 
(xj  ,X2),  a  “compound  classification”  [3, 4]  can  be  performed 
by  finding  the  couple  of  classes  which  provides  the 

following  maximum: 

maxi  p{(iii,WjlXi,X 2^1  .  (1) 


Then  land-cover  transitions  can  be  detected  when 
It  is  easy  to  prove  that  [4]: 


max]p(co,',M';/X;  ,X2)f  <=> 

<^Tmx\p{X],X2/(i)i.  Wj)p{wjf(Oi  )p(co,)} 


(2) 


Unfortunately,  a  large  number  of  training  pixels  ^e 
required  to  estimate  the  joint  conditional  densities 

p^Xi.Xj/cOj-.Wy)  [4].  However,  under  the  hypothesis  of 
class-conditional  independence  in  the  temporal  domain,  the 
estimation  of  p(Xi,X2/®,-.w^)  can  be  simplified  as  follows 

[4]: 


p(Xi ,X2/W,-, w,.)  =  p{Xi/Oii)p(X2/wj)  .  (3) 
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By  substituting  (3)  into  (2)  and  by  using  the  Bayes  theorem, 
it  is  easy  to  prove  that: 

max  |p(co, ,  Wy /X; ,  X2  )|  <=> 

f  p((0,/Xi  )p{wjIX2  )p(wjl(iii )  1 

pN  j 

According  to  (4),  the  compound  classification  requires  the 
estimation  of  the  single-date,  multivariate,  conditional 

probabilities  p(cO//Xi)  and  p(wj/X2y  the  a-priori 
probabilities  of  the  classes  p(Wj),  and  the  probabilities  of 
transitions  p{wjl(iy^.  Following  the  works  by  Richard  and 
Lippmann  [5]  and  by  Gish  [6],  we  propose  to  estimate 
/?(o)//Xi)  and  piwj  /X2)  by  two  neural  networks  trained  on 
the  data  sets  available  at  times  tj  and  ^2,  respectively.  The 
a-priori  probabilities  of  classes  can  be  easily  estimated  from 
the  training  data.  However,  a  problem  arises  when  one  wants 
to  estimate  the  A^x  M  probabilities  of  land-cover  transitions, 
i.e.: 


p(wi/0)i)  . 

.  p(w,/0)i)  . 

■  Pi^M/dii) 

p(wi/(0,)  . 

•  p('Vy/0>,)  . 

p(wi/0)a,)  . 

•  p{^j/^n)  ■ 

■  Pi^M^N) 

To  this  end,  the  training  sets  at  the  two  dates  should  be  made 
up  of  pixels  corresponding  to  the  same  points  on  the  ground. 
In  many  real  cases,  this  does  not  occur.  As  an  alternative,  the 
probabilities  of  land-cover  transitions  could  be  estimated  on 
the  basis  of  interviews  with  experts  or  by  analyzing  the 
information  contained  in  historical  image  databases. 
However,  by  using  these  approaches,  it  may  be  difficult  to 
obtain  reasonable  estimates  of  all  the  probabilities  of  land- 
cover/land-use  transitions. 

We  propose  an  iterative  approach  to  estimate  the 
probabilities  of  transitions.  First  of  all,  an  initial  estimate  of 
each  probability  of  transition  can  be  obtained  by  classifying 
separately  the  images  acquired  at  the  two  dates  (tj  and  (2)  and 
by  comparing  the  obtained  classifications.  Then,  such  an 
estimate  can  be  iteratively  refined  by  a  compound 
classification  of  the  two-date  images  (in  our  case,  (4)  is 
iteratively  applied).  In  particular,  at  each  iteration,  a  new 
estimate  of  each  probability  of  transition  is  computed  on  the 
basis  of  the  classifications  at  the  two  dates.  At  the  k-th 
iteration,  the  estimate  is  updated  as  follows: 

Pk(wjlo^i)  =  fk-i(wjlaii)  Vco,-,wy  (6) 


where  /{^_i  {wj  /o),  )  is  the  relative  frequency  of  the  transition 

from  ft),  to  Wj  computed  by  comparing  the  classification 
maps  of  two  times  provided  by  the  compound  classification 
at  the  iteration  k-1. 

The  estimation  process  stops  when  between  two  iterations 
the  highest  difference  among  the  estimates  of  all  probabilities 
of  transitions  is  under  a  selected  threshold,  i.e.: 

were  e  e[0,  1]  is  a  threshold  parameter  that  tunes  the 
estimate  accuracy. 


EXPERIMENTAL  RESULTS 
Data  set  description 

The  study  area  is  located  in  the  delta  of  the  Po  river 
watershed  in  the  north  of  Italy.  The  climate  in  the  area  is 
Xerofil  with  two  main  rainy  seasons.  Autumn  and  Spring. 
July  is  the  driest  month.  The  study  area  is  mostly 
characterized  by  extended  cultivation  of  wheat,  com,  soybean, 
sugar  beet,  alpha-alpha,  meadows  and  horticulture.  The  main 
phonological  cycles  studied  ^re  referred  to  wheat,  corn, 
soybean  and  sugar  beet. 

We  considered  two  multispectral  images  (512x512)  acquired 
by  the  Thematic  Mapper  (TM)  scanner,  mounted  on  board  of 
Landsat,  at  May  1988  and  July  1988,  respectively.  The 
images  were  registered  to  an  average  accuracy  on  the  ground 
control  points  of  about  0.5  pixel.  Ground-truth  of  the  the 
study  area  was  collected  in  the  days  of  the  passages  of  the 
Landsat:  May  10,  and  July  29.  The  available  ground  truth 
was  used  to  prepare  two  thematic  maps  of  the  selected  test 
site  (one  for  each  date),  which  were  used  as  reference  maps  to 
assess  the  accuracy  in  the  detection  of  the  land-cover/land-use 
transitions.  For  our  experiments  we  considered  3  classes  at 
time  ti  (i.e.,  bare  soil,  wheat,  and  urban)  and  5  classes  at  time 
t2  (i.e.,  sugar  beet,  corn,  soybean,  bare  soil,  and  urban). 
Agricultural  fields  considered  were  randomly  subdivided  in 
training  and  test  sets:  5795  training  pixels  and  5793  test 
pixels  were  selected.  In  order  to  evaluate  the  performances  of 
our  approach,  we  included  in  the  test  set  pixels  corresponding 
to  the  same  position  on  the  ground  at  the  two  times.  Between 
the  two  times,  the  following  transitions  had  taken  place  (see 
table  1):  bare  soil  at  May  became  com  or  soybean  or  sugar 
beet  at  July,  and  wheat  at  May  became  bare  soil  at  July.  Only 
urban  areas  did  not  change. 

Results 

The  performances  of  the  proposed  compound-classification 
(CC)  algorithm  were  compared  with  those  of  the  post¬ 
classification  comparison  (PCC)  algorithm  [2].  In  particular, 
in  our  algorithm,  we  exploited  the  proposed  iterative 
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estimation  of  the  probabilities  of  land-cover/land-use 
transitions  among  classes.  Table  2  shows  the  results  of  the 
detection  of  transitions  obtained  on  the  test  set.  In  particular, 
the  percentage  of  false  indication  of  changes  (computed  with 
respect  to  the  total  number  of  unchanged  pixels)  and  the 
percentage  of  correctly  recognized  transitions  (computed  with 
respect  to  the  total  number  of  changed  pixels)  are  reported.  A 
considerable  reduction  (i.e.,  29.8%)  of  false  indications  of 
changes  was  obtained  by  using  the  CC  approach. 
Improvements  were  also  yielded  in  the  number  of  correctly 
recognized  transitions  (i.e.,  3.1%). 

The  results  reported  show  that  our  approach  allows  one  to 
reduce  false  indications  of  change  and  to  increase  correctly 
recognized  transitions  with  respect  to  post-classification 
comparison.  Further  experiments  are  in  progress  in  order  to 
better  evaluate  the  performances  of  proposed  method. 
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Table  1.  Ground  truth  of  land-cover/land-use  transitions  on  the  test  set 


Kinds  of  transitions 

Test  pixels 

May  1988 

July  1988 

Bare  soil 

Sugar  beets 

218 

Bare  soil 

Soybean 

3057 

Bare  soil 

Corn 

344 

Wheat 

Bare  soil 

1722 

Urban 

Urban 

452 

Overall 

5793 

Table  2.  Percentages  of  false  indications  of  changes  and  correctly  recognized  transitions  for  both  the 
post-classification  comparison  (PCC)  algorithm  and  the  compound  classification  (CC)  algorithm. 


Algorithm 

False  indications  of 
changes  (%) 

Correctly  recognized 
transitions  (%) 

PCC 

52.4  % 

89.1  % 

CC 

22.6  % 

92.2  % 
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Abstract--  Open-ocean  radar  measurements  acquired  from  an 
aircraft  are  examined.  Two  Ku-band  systems,  NASA’s  Radar 
Ocean  Wave  Spectrometer  (ROWS)  and  the  Univ.  of 
Massachusetts’  Ku-band  scatterometer  (KUSCAT)  were  used 
to  derive  data  on  sea  surface  wind  and  waves  for  several  long 
transects  over  the  Atlantic  ocean.  Noteworthy  in  this  effort 
is  the  complete  time/space  coincidence  of  data  products.  This 
includes  scatterometer  data  at  20"^,  30° ,40^  and  50°  incidence 
as  well  as  altimeter  and  directional  swell  measurements. 
Altimeter-  and  scatterometer-derived  10  m  wind  speeds  are 
generated  using  current  satellite  geophysical  model  functions 
(GMF).  The  two  estimates  agree  very  closely  for  the 
available  light-to-moderate  speeds  thus  providing  further 
validation  of  these  inversion  algorithms.  Long  wave  effects 
on  scatterometer  wind  direction  estimation  are  examined  by 
comparing  off-wind  swell  to  the  peak  direction  derived  for 
near-incidence,  20°  KUSCAT  data.  For  the  conditions 
examined,  no  significant  tie  is  found  between  swell  direction 
and  the  scatterometer’ s  peak  direction. 

AIRBORNE  DATA  COLLECTION 

This  paper  deals  specifically  with  two  Ku-band  radars 
aboard  the  NASA  P-3B  aircraft  for  five  Lidar  In -space 
Technology  Experiment  (LITE)  correlative  flights.  Univ.  of 
Massachusetts’  KUSCAT  is  a  VV-polarized  scatterometer  that 
combines  continuous  scanning  in  azimuth  with  high-speed 
stepping  between  incidence  angles  of  20°,  30°,  40°  and  50° 
[1].  KUSCAT’ s  pencil  beam  at  each  incidence  is 
approximately  5°  in  both  planes  and  radar  power 
measurements  are  radiometric  ally  calibrated.  The  system 
derives  a  fully-scanned,  stable  normalized  radar  cross  section 
(NRCS)  estimate  for  all  incidence  angles  at  0.8-1. 0  km 
intervals  along  the  flight  track.  NASA’s  ROWS  is  a  high- 
resolution  scatterometer,  azimuthally-scanned  to  derive 
directional  swell  spectrum  based  on  near-vertical  backscatter 
modulation  [2].  ROWS  directional  wave  spectra  have  15-30° 
0-7803-3068-4/96$5.00©1996  IEEE 


directional  resolution  and  sensitivity  to  swell  of  lengths  from 
30-400  m.  ROWS  also  continuously  collects  radar  altimeter 
data  that  provide  backscatter  measurements  equivalent  to 
satellites  such  as  TOPEX. 

Two  separate  data  comparisons  are  shown  below.  The  first 
compares  wind  magnitude  estimates  from  the  ROWS  altimeter 
and  the  four  KUSCAT  angles.  Second,  the  direction  detection 
capability  of  KUSCAT  is  examined  when  swell  direction  (as 
derived  by  ROWS)  is  off-wind. 

ALTIMETER  VS.  SCATTEROMETER  WIND  SPEED 

Altimeter  and  scatterometer  wind  estimation  capability  is 
now  well-accepted.  For  global  coverage,  scatterometers  are 
preferred  for  their  spatial  swath  and  ability  to  derive  wind 
direction.  The  surface  wind  GMF  for  both  sensors  has  been 
derived  at  Ku-band  based  on  past  aircraft  and  satellite  mission 
data  combined  with  statistical  and  in  situ  comparisons.  These 
algorithms  are  considered  to  be  first-order  approximations  as 
they  represent  the  mean  or  global  response  to  surface  wind 
wave  roughening.  Theoretically,  scattering  mechanisms  for 
the  altimeter  and  scatterometer  are  disparate  because  of  their 
different  incidence  angles.  Scatterometry  is  modeled  as  a 
resonant  interaction  (or  Bragg  scattering)  with  small-scale 
ocean  ripples  through  their  height  spectral  density.  The  Bragg 
wavenumbers  for  KUSCAT  20° -50°  angles  are  --  3.4  -  1.3 
cm.  Altimeter  backscatter  is  modeled  as  quasi-specular  scatter 
from  facets  of  scales  large  enough  to  obey  high-frequency 
scattering  limits.  Succinctly,  scatterometers  are  primarily 
sensitive  to  the  roughening  of  small-scale  wavelets,  while 
altimeters  respond  to  the  overall  roughening  (or  rms  slope) 
across  a  broader  range  of  wavelengths,  nominally  8-200  cm. 
The  coincident  LITE  data  affords  an  opportunity  to  see  how 
similarly  the  two  sensors  (and  scattering  mechanisms)  respond 
to  the  identical  sea  surface  target,  and  to  test  agreement 
between  the  respective  satellite  wind  algorithms. 
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To  directly  compare  altimeter  and  scatterometer  data  we 
invert  NRCS  measurements  to  wind  speed  through  current 
GMFs.  KUSCAT  wind  vector  estimates  at  the  four  incidence 
angles  are  derived  from  NRCS  data  using  the  Seasat  A 
scatterometer  system  (SASS-II)  model  function  adjusted  to  10 
m  using  a  neutral  stability  assumption  [3].  SASS-II  requires 
that  the  data  be  fit  to  a  three  term  Fourier  series  as  shown  in 
equation  1. 


WRCS(<|))=i4o+A,cos(<|»)+>42COs(2<|i)  (D 


0  2  4  6  8  10  12 

Altimeter_U1 0  (m/s) 


In  (1),  (j)  is  the  azimuth  angle  with  respect  to  wind  direction. 
Wind  magnitude  lies  in  Ao ,  and  for  this  data,  wind  direction 
was  derived  by  finding  the  best  fit  to  (1).  Expected  rms  error 
for  SASS-n  wind  speed  is  2  m/s  at  the  light-to-moderate  wind 
speeds  encountered  here.  Altimeter  wind  speed  was  derived 
using  the  Modified  Chelton- Wentz  algorithm  [4]  and  ROWS 
altimeter  mean-square-slope  estimates  as  detailed  in  [1]. 
Expected  rms  error  for  the  altimeter  is  of  order  1.5  m/s. 
Resultant  uncertainty  is  +/-  2.5  m/s. 

Figure  1  shows  wind  speed  data  from  11  Sept  1994,  a  flight 
covering  about  3000  km  along  a  track  from  34"  N  to  8"  N. 
A  1:1  correlation  line  and  2.5  m/s  rms  lines  are  also  shown. 
The  radar  estimated  range  of  10  m  wind  speeds  is  0-8  m/s. 
Near-zero  biases  between  scatterometer  and  altimeter  are 
observed  for  each  of  the  four  KUSCAT  incidence  angles, 
indicating  consistency  between  sensor  calibrations  and  the 
SASS-II  and  MCW  model  functions.  (We  also  note  that  these 
data  agreed  with  the  ECMWF  model  wind  field  to  within  2 
m/s  except  in  the  light  wind  portion  of  the  flight.)  For  all 
four  angles  the  scatter  between  altimeter  and  scatterometer 
increases  with  increasing  wind  speed.  Usually  in  wind  speed 
comparisons,  significant  intercomparison  imcertainty  is  due  to 
spatial  and  temporal  differences  between  estimates.  In  this 
case  that  elusive  error  source  is  eliminated.  Therefore, 
deviations  observed  indicate  differences  between  estimators. 
For  both  the  scatterometer  and  altimeter,  the  wind  speed 
sensitivity  is  highest  at  light  winds  thus  differences  may  be 
attributed  to  insensitivity  with  increasing  wind.  It  is  also 
known  that  the  scatterometer,  with  its  dependence  on  the 
small  1-3  cm  waves,  is  more  sensitive  to  changes  in  local 
wind  than  the  slope-integrating  altimeter.  It  is  likely  that  a 
portion  of  the  scatter  is  attributed  to  this.  In  particular,  note 
that  the  scatter  starts  in  earnest  at  5-6  m/s,  the  region 
associated  with  the  onset  of  significant  gravity-capillary  wave 
growth. 
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Altimeter_U1 0  (m/s) 
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Figure  1  Altimeter  vs  scatterometer-derived 
10  m  wind  speed. 
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SCATTEROMETRY  AND  LONG  WAVES 

Recently,  some  emphasis  has  been  given  to  ascertaining  and 
proposing  relationships  for  the  influence  of  longer  waves 
(swell  and  sea)  on  the  scatterometer’s  retrieval  of  wind  vector. 
These  efforts  have  been  directed  at  examining  impacts  on 
both  wind  amplitude  and  direction.  It  is  argued  that  the 
strongest  influence  of  long  waves  on  scatterometer  response 
should  occur  at  the  low-incidence  angles  (15-30°).  This 
isbecause  the  second-order  long-wave  tilting  effect  on  Bragg 
scatterers  is  stronger  near  vertical.  Our  scatterometer/swell 
data  set  may  provide  information  in  this  area.  Note  that 
without  in  situ  estimates  of  the  wind  vector,  we  are  precluded 
from  a  strict  discussion  of  retrieval  errors.  However,  long¬ 
wave  spectra  measurements  coincident  with  multiple-incidence 
scatterometer  data  is  a  rarity. 

Here,  we  propose  to  examine  possible  degradations  of 
scatterometer  wind  direction  detection  when  swell  is  at  angles 
other  than  the  wind  direction.  To  do  this,  we  make  an 
assumption  that  swell  impact  will  be  greatest  at  the  lower 
incidence  angles.  Therefore,  we  consider  the  40°  KUSCAT 
wind  direction  to  be  true  wind  direction,  and  will  difference 
that  channel  with  other  data.  Because  evidence  suggests  that 
scatterometer  direction  estimates  at  all  incidence  angles  can  be 
erratic  at  light  winds,  we  limit  the  discussion  to  data  having 
wind  magnitude  greater  than  3  mys.  Swell  direction  is  derived 
from  ROWS  spectra  at  15  km  intervals  along  track.  The 
swell  mode  chosen  is  the  one  with  the  most  energy  in  the 
wave  height  spectrum.  We  note  this  because  on  several 
flights  there  were  multi-mode  swell  systems.  In  all  cases,  the 
swell  were  developed  to  the  point  of  being  decoupled  from 
the  wind  in  terms  of  phase  speed.  The  sea  state  for  all  cases 
was  between  1.0  and  2.7  m. 

Figure  2  shows  normalized  histograms  of  direction 
differences  between  the  KUSCAT  40°  wind  direction  estimate 
and  KUSCAT  50°,  30°,  20°,  as  well  as  ROWS’  primary  swell 
mode.  The  data  is  derived  from  all  five  LITE  flights.  The 
bottom  right  panel  in  Figure  2  shows  a  significant  amount  of 
cases  where  swell  direction  deviated  from  the  scatterometer 
wind.  The  KUSCAT  difference  plots  (50°,  30°,  and  20°-40°) 
show  closest  agreement  in  direction  between  50°  and  40° 
estimates,  widening  as  you  go  to  30°  and  to  20°.  Some 
degradation  is  to  be  expected  because  scatterometer  sensitivity 
to  wind  direction  weakens  at  the  lower  incidence  angles. 

The  mean  direction  difference  for  each  KUSCAT  histogram 
in  Figure  2  is  less  than  0.6°.  Standard  deviations  are  4.4°, 
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Figure  2  Histograms  of  direction  estimate  differences 
between  KUSCAT  40°,  the  other  KUSCAT  angles  and 
swell. 


5.8°,  and  11.5°  for  the  50°,  30°,  and  20°  differences 
respectively.  Thus,  the  KUSCAT  20°  direction  ’error’  still  lies 
primarily  within  +/-  6°.  This  indicates  that  regardless  of  swell 
or  any  other  variable,  for  this  data  set  the  degradation  of  20° 
and  30°  direction  data  is  not  great. 

Figure  3  shows  a  scatter  plot  between  the  swell  and  20° 
data  of  Figure  2.  While  the  histograms  indicate  no  severe 
problems  with  20°  direction  data,  the  scatter  plot  may  indicate 
some  relationship  between  scatterometer  direction  ’noise’  and 
swell  off-wind  direction.  In  particular,  it  has  been  suggested 
that  the  tilting  effect  of  long  waves  may  cause  the  20° 
scatterometer  data  to  peak  up  at  a  direction  nearer  the  swell’s 
direction  than  the  wind’s.  Such  an  effect  would  show  up  in 
Figure  3  as  a  positive  slope.  Here,  this  is  not  the  case.  There 
is  little  correlation  (0.03)  between  the  off-wind  swell 
directions  and  the  20°  direction  noise,  and  a  linear  fit  gives  a 
slope  of  only  0.023. 

Clearly,  a  most  exhaustive  examination  of  the  behavior  of 
scatterometer  models  such  as  SASS-II  in  presence  of  swell 
will  be  possible  with  this  data  set.  The  full  cross  section  and 
swell  spectra  data  should  permit  closer  look  at  how  well  a  3 
term  Fourier  scries  holds  up  under  various  scenarios.  Still, 
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Figure  3  Scatter  plot  of  swell-40°  KUSCAT  and  20- 
40°  KUSCAT  direction  estimates.  Simple  linear 
regres.sion  with  slope  =  0.023  also  shown. 


the  robust  derivation  of  peak  direction  from  the  four 
KUSCAT  scatterometer  channels  likely  indicates  less  than  2nd 
order  effects  due  to  swell. 

SUMMARY 

Coincident  Ku-band  scatterometer  and  altimeter  wind  speed 
estimates  are  shown  to  be  in  close  agreement  when  using  the 
SASS-II  and  MCW  wind  speed  algorithms.  Data  collection 
from  the  same  aircraft  platform  eliminated  typical  time/space 
sampling  uncertainties.  For  wind  speeds  >  3  m/s, 
scatterometer  wind  direction  estimates  under  various  off-wind 
swell  conditions  show  little  deviation  between  the  20°,  30°, 
40°  and  50°  incidence  data.  No  clear  tie  between  off-wind 
swell  direction  and  noise  in  the  20°  direction  data  is  apparent. 
We  note  that  this  is  not  conclusive  as  a  full  range  of  possible 
swell,  wind  and  sea  state  conditions  is  by  no  means  available 
in  this  data  set.  Closer  examination  of  the  raw  NRCS  data 
and  directional  swell  spectra  is  planned. 
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Abstract  -  Much  effort  has  been  expended  in  defining  the 
relationship  between  wind  speed  and  Normalized  Radar  Cross 
Section  (NRCS).  However,  wind  stress  is  known  to  better 
describe  geophysical  processes  on  the  ocean  surface  than  wind 
speed  alone.  Using  a  scattering  model  and  an  idealized 
wavenumber  sea  spectrum,  we  present  here  a  wind  stress 
algorithm  to  interpret  altimeter  returns,  A  comparison  with 
measurements  from  the  dual  frequency  altimeter  of  TOPEX 
(Ku  and  C  band)  is  carried  out.  Results  show  that  retrieved 
wind  from  empirical  models  is  underestimated  in  presence  of 
young  seas  such  as  for  on-shore  winds  near  coastal  regions. 

INTRODUCTION 

CapiUary-gravity  waves  on  the  sea  surface  which  determine 
to  a  large  extent  the  air-sea  transfer  processes,  are  important 
roughness  elements  responsible  for  the  variations  in 
microwave  backscattering.  For  altimeter  ocean  backscatter 
measurements,  application  has  been  found  in  the  robust 
empirically-derived  wind  retrieval  algorithm  for  Ku-band 
(13.9  GHz)  instruments  (Witter  and  Chelton,  1991). 
Physically-based  scattering  model  studies  suggest  that  a  more 
direct  altimeter  inference  can  be  made  in  terms  of  surface 
mean  square  slope  (mss)  which  should  parallel  the  classical 
optical  measurements  of  ocean  mss  versus  wind  speed 
obtained  by  Cox  and  Munk  (1954). 

We  present  here  a  scattering  model  for  altimeter  backscatter 
from  the  sea  including  a  proposed  wind-wave  spectrum  that  is 
dependent  on  wind  speed  and  wave  age.  Wind  stress,  or 
friction  velocity,  is  directly  related  to  near-surface  wind  speed 
through  a  drag  coefficient.  The  validity  of  the  proposed 
spectrum  and  its  implied  drag  coefficient  is  checked  against  a 
boundary  layer  model  that  derives  u*  from  the  spectrum. 

Resulting  predictions  for  altimeter  backscatter  are 
compared  to  global  wind  algorithms  and  TOPEX  data  to 
illustrate  the  promise  of  dual-frequency  data  and  to  point  out 
the  effects  when  inverse  wave  age  is  not  near  the  equilibrium 
value  of  0.84. 
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MODEL  PREDICTION 

Central  to  the  modeling  effort  is  definition  of  an  idealized 
sea  surface  spectrum  approximation  in  the  high  wavenumber 
spectral  domain.  Donelan  and  Pierson  (1987)  proposed  a 
model  for  both  the  gravity  and  the  gravity-capillary  range  of 
the  wave  spectrum.  However,  it  fails  to  reproduce  well 
controlled  laboratory  measurements  in  the  gravity-capillary 
range  obtained  by  J^ne  and  its  collaborators  (1990). 
Moreover,  inferred  total  mss  parameters  are  not  consistent 
with  the  Cox  and  Munk  data.  In  order  to  improve  the  Donelan- 
Pierson  model,  one  can  slightly  modify  its  original 
formulation  to  match  recent  spectral  forms  showing  two 
distinct  energy  balance  regimes,  and  to  be  constrained  to  the 
optical  slope  observations.  Such  a  spectrum  is  wave  age 
dependent,  and  will  exhibit  a  secondary  high-wavenumber 
peak  just  before  a  rapid  decay  in  the  capillary  region. 

Our  altimeter  backscatter  model  relies  on  a  two-scale 
composite  Kirchhoff  approximation  at  vertical  incidence  to 
treat  the  dominant  quasi-specular  scattering  and  to  permit 
examination  of  diffraction  caused  by  high-frequency  waves. 
Indeed,  Thompson  (1988)  among  others,  have  advanced  that 
some  additional  attenuation  of  near- vertical  backscatter  can  be 
due  to  diffraction  effects  caused  by  small-scale  waves.  Using  a 
composite  surface  model  approximation,  short- waves  below  a 


Figure  1:  Nadir  sigmaO  versus  wind  speed  at  a  height  of  10  m  (Ujq). 
SASS-ll  1982  (circles),  W&C  1991  (crosses),  Jackson  1992  (dotted), 
Young  1993  (stars),  Wu  1995  (plus  signs),  and  e.m.  model  prediction  at  ku- 
band  (14  Ghz)  (solid). 
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cut-off  limit  will  diffract  radiation  in  proportion  to  their  height 
spectral  density.  This  effect  will  be  strongly  dependent  upon 
cut-off  limits  which  are  incident  wavelength  dependent. 

One  test  of  this  physically-based  altimeter  model  should  be 
its  ability  to  reproduce  observations  and  operational 
algorithms.  Here,  we  consider  the  Modified  Chelton  and 
Wentz  (MCW)  operational  wind  speed  retrieval  algorithm 
(Witter  and  Chelton,  1991)  for  the  Ku-band  altimeter.  Among 
other  empirical  operational  algorithm,  MCW  seems  to  predict 
the  most  significant  decrease  of  nadir  sigmaO  as  the  wind 
speed  increases.  Figure  1  summarizes  sigmaO  predictions 
inferred  from  MCW,  SASSII  scatterometer  wind  speed 
algorithm  predictions  at  nadir,  Wu’s  latest  algorithm  for  a  Ku- 
band  instrument  (Wu,  1995),  Young’s  high  wind  branch 
(1993),  Jackson’s  hnear  relationship  (Jackson  et  al.,  1992)  and 
model  results.  This  comparison  shows  that  our  predictions 
coincide  with  SASSII  at  low  wind  speed,  while  at  higher  wind 
speed  model  results  are  close  to  Jackson’s  or  Young’s 
relationship.  In  the  range  of  6  to  15  m/s  wind  speed,  overall 
agreement  between  algorithms  is  observed. 

For  the  highest  wind  speeds,  influence  of  sea  maturity  is 
known  to  play  a  major  role  in  relating  the  radar  cross  section 
to  surface  wind  speed  (e.  g.  Lefevre  et  al.,  1994,  or  Ebuchi  et 
al.  1992).  Having  an  electromagnetic  model  and  a  wave 
spectrum  in  hand,  it  is  now  possible  to  derive  a  wind  stress 
relationship  to  attempt  to  better  describe  geophysical 
phenomena  on  the  ocean  surface. 

DRAG  MODEL 

Sea  surface  roughness  is  predominantly  supported  by  short 
waves  and  is  directly  related  to  a  significant  fraction  of  the 
surface  stress.  A  model  based  on  Miles’  theory  (1957)  and 
Janssen’s  formulation  (1989)  that  accounts  for  wind  speed  and 
sea  state  (in  terms  of  the  wave  spectrum)  allows  estimation  of 


Figure!:  Friction  velocity  versus  neutral  wind  speed  Uigfor  various 
wave  ages;  UjQtCp=  0.84  (solid),  2  (dahsed),  3  (dashed  dotted).  Cp  is  the 
peak  phase  speed.  CdjQfrom  Donelan  1982  (plus)  ,Garratt  1977  (stars),. 
Smith  1988  (circles). 


the  surface  stress.  The  approach  is  based  on  conservation  of 
momentum  in  the  surface  layer.  The  stress  in  the  surface  layer 
is  supported  by  both  turbulent  motions  of  the  air  and 
organized  wave-induced  motions  due  to  the  presence  of  the 
waves.  The  latter  contribution  is  mainly  determined  by  the 
interaction  of  the  air  flow  with  the  high  frequency  part  of  the 
wave  spectrum  (Caudal,  1993;  Makin  et  al.,  1995). 

Applying  the  same  model  spectrum  as  for  scattering 
prediction,  a  drag  coefficient  estimation  may  be  obtained. 
Figure  2  shows  wave  age  influences.  As  expected,  larger 
variation  would  be  obtained  as  the  neutral  wind  speed 
increases. 

TOPEX  DATA 

A  key  motivation  for  this  study  is  the  global  dual-fi'equency 
(C-band  (5.5  cm)  and  Ku-band  (2.1  cm))  altimeter  data  set 
available  from  the  TOPEX  satellite.  As  presented  above, 
distinct  scattering  behavior  is  expected  for  each  instrument 
when  considering  diffraction  effects.  For  C-band,  the  incident 
wavenumber  is  nearly  three  times  smaller  than  for  Ku-band, 
while  small-scale  height  density  changes  little  in  this 
wavenumber  range.  Therefore,  a  C-band  altimeter  should  be 
much  less  sensitive  to  changes  due  to  wind  entering  through 
diffraction  effects. 

Selected  TOPEX  data  correspond  to  a  small  subset  of  cycle 
70  (10  orbits)  acquired  over  deep-ocean  areas.  This  cycle  was 
chosen  for  its  overall  gain  stability.  Figure  3  presents 
predicted  model  results  and  data.  Aside  from  a  shift  along  the 
C-band  axis  (dB),  our  development  reproduces  the 
relationship  between  the  two  TOPEX  frequency 
measurements.  Discrepancies  only  appear  for  the  upper 
branch  (lowest  sea  surface  roughness). 

This  graph  clearly  reveals  a  change  in  sensitivity  between 
C-  and  Ku-band  as  sea  surface  roughness  increases.  The 


Figures:  Scatter  plot  of  data  from  the  dual  frequency  altimeter  TOPEX. 
Ku-band  versus  C-band  sigmaO.  Solid  curve  is  the  predicted  model.  A 
break  point  occurs  at  about  7  mis. 
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change  in  sensitivity  occurs  near  7  m/s  wind  speed.  Such  a 
transition  may  be  associated  with  the  transition  from 
aerodynamically  smooth  to  rough  flow  with  onset  of  increased 
small  scale  wave  breaking  events  (Banner  and  Melville, 
1976). 

ALTIMETER  WIND  ALGORITHM 

Predictions  of  altimeter  backscatter  as  function  of  wind 
speed  and  sea  state  is  shown  in  Figure  4.  It  can  be  seen  that 
various  wind  speeds  may  correspond  to  identical  value  of 
measured  sigmaO. 

The  combination  of  results  shown  in  Figures  1  and  2  can  be 
used  to  discuss  the  effect  of  changing  wave  age  in  Figure  4. 
The  global  wind  speed  algorithms  are  generated  to  describe 
the  global  or  average  conditions  .Therefore,  the  retrieved  wind 
speed  from  empirical  models  such  as  MCW  is  in  general 
lower  than  the  true  wind  speed  in  presence  of  young  seas. 
This  is  especially  true  for  on-shore  winds  near  coastal  regions. 

To  achieve  better  accuracy  for  altimeter  wind  retrieval 
algorithm,  it  seems  necessary  to  include  independent 
measurements  such  as  altimeter  significant  wave  height 
estimates  (Lefevre  et  al.,  1994;  Dobson  et  al,  1987). 
Moreover,  Figure  3  indicates  that  TOPEX  C-band  backscatter 
is  less  sensitive  (than  Ku-)  to  increasing  wind  stress.  It  is 
likely  less  responsive  to  steepness  associated  with  young 
waves.  One  can  envision  utilizing  the  TOPEX  significant 
wave  height  estimates  along  with  C-  and  Ku-band  data  to 
examine  sea  state  effects  at  various  wind  speeds. 

CONCLUSION. 

In  this  study,  sigmaO  for  nadir  incidence  are  shown  to  be 
related  to  the  wind  friction  velocity  and  sea  state.  Moreover, 
we  observe  that  C-  and  Ku-band  backscatter  measurements 


Figure  4:  Predicted  nadir  Ku-band  sigmaO  versus  wind  speed  for  various 
wave  ages:  U10/Cp=.84  (solid),  2  (dashed),  3  (dashed  dotted).  Cp  is  the 
peak  phase  speed.  Wu  algorithm,  1995,  (+)  seems  to  compromise  between 
mature  seas  at  low  wind  speed  and  youger  seas  at  high  wind  speed. 


show  a  large  departure  in  the  form  of  the  wind-dependence 
function  starting  at  about  7  m/s.  Beyond  this  wind  speed,  it  is 
known  that  generation  of  small-scale  wind  waves  is 
responsible  for  a  significant  fraction  of  the  mean  sea  surface 
wind  stress.  Simultaneous  dual-frequency  TOPEX  data 
demonstrate  the  potential  to  go  beyond  empirical  wind  speed 
relationships.  Therefore,  synergetic  use  of  different  observed 
parameters  from  different  satellite  instruments  (wavelength, 
incidence  angle,  passive  or  active,  polarization)  can  be  used  to 
better  elucidate  various  air/sea  processes  occurring  at  the 
interface. 
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Abstract— An  attenuation-correction  algorithm  for  the  Sea- 
Winds  instrument  uses  the  AMSR  brightness  temperature  to 
find  the  attenuation  experienced  by  the  scatterometer  signal. 
The  algorithm  uses  the  concept  of  excess  temperature  T^x  to 
evaluate  the  attenuation.  The  excess  temperature  T^x  is  the 
difference  between  the  measured  brightness  temperature  and 
the  temperature  of  the  emitting  surface.  The  algorithm  uses 
an  iterative  scheme.  Simulation  results  show  obvious  im¬ 
provement  on  the  scatterometer  measurements. 

INTRODUCTION 


reliable.  The  AMSR  data  must  be  collocated  [5]  to  match  the 
location  of  the  scatterometer  measurements. 

PRINCIPLES  OF  THE  CORRECTION  ALGORITHM 

When  clouds  and  rain  are  present,  the  scatterometer  signal 
will  undergo  a  two-way  attenuation.  If  we  use  L  to  denote 
the  one  way  attenuation,  then  the  a”  measured  by  the  scat¬ 
terometer  will  be  CT*"  and 

o  =L2oO  =  a»e-^“ 

m 


The  wind  vector  on  the  ocean  surface  can  be  determined 
from  measurements  of  radar  backscatter  of  the  ocean  by  using 
a  spacebome  scatterometer  [1].  The  global  coverage  and 
frequent  sampling  give  the  spacebome  scatterometer  advan¬ 
tages  over  other  measurements  [2].  However,  the  signal 
measured  by  the  scatterometer  is  representative  from  the  sea 
surface  only  when  dense  clouds  and  precipitation  are  absent. 
When  heavy  clouds  and  precipitation  are  present,  the  signal 
received  at  the  scatterometer  is  reduced  because  of  the  attenu¬ 
ation  of  clouds  and  rain.  For  accurate  determination  of  the 
sea  surface  wind  vectors  we  need  to  estimate  this  reduction 
and  make  correction  in  the  wind  retrieval  process. 

Using  radiometric  measurements  to  make  correction  on  the 
scatterometric  data  by  combination  was  presented  in  [3].  A 
correction  process  was  developed  to  evaluate  the  atmospheric 
attenuation  from  SMMR  brightness  temperature  for  the  Seasat 
satellite  scatterometer.  The  results  showed  the  correction 
appeared  to  improve  the  accuracy  of  wind  vector  determina¬ 
tion.  However,  the  non-coincident  large  footprints  of  the  two 
instruments  negated  this  improvement  in  tight  storms. 

The  SeaWinds  scatterometer  instrument  will  fly  in  1999  as 
a  part  of  the  EOS  program  on  the  Japanese  ADEOS-II.  The 
scatterometer  is  a  Ku-Band  radar.  It  has  antenna  beams  at 
two  elevation  angles  giving  a  conical  scan  (concentric  circles 
on  the  surface).  The  conical  design  represents  a  change  from 
the  fixed  fan-beam  antennas  of  previous  spacebome  scat- 
terometers  (SeaSat  and  ERS-1).  The  on-board  Advanced 
Microwave  Scanning  Radiometer  (AMSR)  works  at  multiple 
frequencies  and  also  uses  a  conical  scan.  The  concept  of 
excess  temperature  is  used  to  develop  the  correction  algorithm 
for  the  scatterometer  measurements  by  using  the  AMSR  data. 
The  AMSR  and  SeaWinds  scans  are  not  identical,  but  the 
smaller  footprints  than  those  on  Seasat  make  comparison  more 
0-7803-3068-4/96$5.00©1996  IEEE 


where  a  is  the  attenuation  factor  in  nepers.  When  clouds  and 
rain  are  present,  the  radiometer  measurements  will  be 

(2) 


where  T^  is  the  sea-surface  contribution  and  T^  is  the  contri¬ 
bution  from  the  sky  emissions  reflected  by  the  sea  surface. 
The  last  term  T^,^  is  the  contribution  from  the  clouds  and 
rain.  The  attenuation  is  denoted  by  L,  as  in  (1). 

The  excess  temperature  is  defined  as 


From  (2),  we  know  that  if  the  surface  temperature  is  known, 
the  excess  temperature  will  depend  on  L,  T^jp,  and  Tp  The  T^ 
is  small  comparing  to  Tgj„  and  can  be  negligible.  Thus  the 
Tgx  will  be  determined  by  the  attenuation  and  the  cloud  and 
rain  contribution.  The  relation  between  attenuation  and  excess 
temperature  may  be  expressed  by  the  cubic  relation  [4] 

aidB)  =  AT^^Br„^CTi 


From  (2)-(4),  an  iterative  process  can  be  established  to 
estimate  the  attenuation  L  or  a,  denoted  by  Lgjj  or 
Using  this  factor,  we  can  correct  the  scatterometer  measured 
a®  by  simply  inverting  equation  (1) 


However,  the  sea  surface  brightness  temperature  Tj  is 
needed  when  we  calculate  the  excess  temperature  Tgx  by  using 
(2)  and  (3).  This  can  be  obtain  by  using  the  following  model 
[1] 
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Fig.  1.  Examples  oferror  corrections  for  stratiform  rain  with  different  assumptions  for  wind,  (a)  Same  direction  as  true  wind, 
(b)  45°  from  true  wind,  (c)  90°  from  true  wind. 


Fig.  2.  Example  oferror  correction  for  convective  cells.  Four  cells  in  region  with  rg  =  7  km.  Note  errors  are  small  because 
much  of  footprint  has  little  or  no  rain. 
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r^  =  82  +  1.06  u 

where  U  is  the  sea-surface  wind  speed,  which  can  be  estimat¬ 
ed  by  the  scatterometer-measured  ct®  using  the  SASS  model 
function 

a  (dB)- 10  G  (7) 

1/  =  10-i - 

ea  jOH 

where  is  from  (5).  G  and  H  are  constants  of  the  model 
function  that  depend  on  the  incident  angle  and  the  wind 
direction. 

From  above  we  can  see  how  an  iterative  process  can 
estimate  the  attenuation  and  correct  the  measured  a°.  Howev¬ 
er,  in  calculating  (7),  we  need  to  know  the  wind  direction. 
There  are  three  possible  solutions  for  this  problem: 

1 .  Assuming  upwind  direction; 

2.  Obtaining  the  wind  direction  using  the  SeaWinds  alias- 
removal  algorithm; 

3.  Using  the  previous-cell  wind  direction. 

The  second  solution  has  two  difficulties.  One  is  that  the 
alias-removal  Seawinds  algorithm  is  quite  complex  and  is  not 
suitable  for  iteration.  The  other  difficulty  is  the  alias-removal 
SeaWinds  algorithm  uses  a  maximum-likelihood  method  and 
it  needs  to  combine  multi-point  measurements  of  a®  to  get  the 
wind  direction.  However,  we  cannot  obtain  the  accurate  wind 
direction  before  correction  is  performed.  So  we  have  to  use 
the  first  or  the  third  solution.  Obviously,  the  third  solution  is 
preferred  as  long  as  the  wind-retrieval  method  can  get  accu¬ 
rate  wind  direction  after  correction.  Simulation  results  for 
these  two  methods  are  given  in  the  next  section. 

SIMULATION  AND  RESULTS 

In  the  correction  algorithm  described  above,  we  assumed  the 
radiometer  data  used  to  estimate  the  attenuation  is  located  at 
the  same  point  as  the  scatterometer  measurement.  Actually, 
the  measured  points  on  the  sea  surface  for  the  two  instruments 
overlap  but  are  not  coincident.  We  need  to  match  the  scatter¬ 
ometer  data  with  the  proper  radiometer  data.  A  triangle 
method  [5]  is  used  to  do  the  collocation  in  simulation.  That 
is,  for  one  scatterometer-measured  cP  ,  the  nearest  three  points 
of  AMSR  measurements  (Tb  )  will  be  collocated  to  this  <t°. 
Interpolation  or  weighting  techniques  are  used  to  get  the  Tj, 
at  the  CT®  point  depending  on  whether  the  a°  point  is  inside  or 
outside  the  tricingle  formed  by  three  T^,  points. 

In  simulation,  the  cloud  and  rain  distribution  for  convective 
storms  is  characterized  by  each  storm  having  an  exponential 


excess  temperature  distribution  TpOxp  (-r/ro),  where  is  the 
peak  temperature  at  the  storm  center  and  r  is  the  aistance 
from  the  center.  The  fall-off  rate  that  determines  the  storm 
size  is  rp.  For  simulation,  the  number  of  storms  is  set  and  the 
peaks  and  centers  of  storms  are  randomly  distributed.  We  ran 
the  correction  algorithm  400  times  for  different  cloud  and  rain 
distributions  to  get  the  statistical  results  on  the  correction. 
Fig.  1  shows  the  error  probability  for  corrected  and  uncorrect¬ 
ed  results  for  uniform  rain  throughout  the  region,  as  in  a 
stratiform  system,  and  shows  the  effect  of  wrong  assumptions 
of  direction.  For  Fig.  1(a)  the  direction  assumed  is  correct; 
for  1(b),  it  is  off  by  45°,  and  for  1(c)  it  is  off  by  90°.  Use  of 
a  direction  from  the  preceding  wind-vector  cell  should  be  well 
within  45°,  and  therefore  acceptable.  Arbitrary  assumptions 
could  be  90°  off,  and  the  correction  poorer.  Fig.  2  shows  a 
convective-storm  situation  with  four  storms,  each  with  fall-off 
rate  Tq- 7.  Even  the  uncorrected  errors  are  small  here,  and 
the  correction  does  improve  the  results. 

CONCLUSIONS 

A  correction  algorithm  for  the  SeaWinds  scatterometer, 
using  AMSR  estimates  of  attenuation,  was  presented. 
Simulated  results  show  obvious  improvement.  Best  results 
will  be  obtained  if  wind  direction  from  the  previous  wind- 
vector  cell  can  be  used.  Errors  can  be  large  with  extensive 
rain  unless  corrected,  but  for  small  convective  cells  the  errors 
are  not  large  even  before  correction. 
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Abstract  --  The  objective  of  this  paper  was  to  investigate  how 
to  measure  turbidity  of  water  using  surface  spectral  reflectance. 
Spectral  data  from  a  reservoir  were  collected  using  a  field 
spectroradiometer,  which  contains  512  spectral  channels 
ranging  from  350  to  1050  nm.  Five  replicate  scans  were  taken 
at  each  sampling  site  with  a  total  of  23  such  sites  selected.  The 
results  indicated  that  wind-induced  whitecaps  on  the  surface  of 
water  can  cause  higher  overall  reflectance  and  inconsistency 
among  the  replicate  spectral  measurements.  As  result,  it  was 
almost  impossible  to  apply  reflectance  from  any  single 
wavelength  to  accurately  estimate  turbidity.  It  was  found  that 
the  difference  of  reflectances  between  710  and  720  nm  is  a 
better  indicator  of  turbidity. 

1.  INTRODUCTION 

Remote  sensing  has  been  proven  useful  for  water  quality 
monitoring.  Although  satellite  remote  sensing  is  widely  used 
for  this  purpose,  its  application  to  inland  fresh  water  has  been 
limited  by  the  spatial,  spectral,  and  radiometric  resolutions  [3]. 
.In  addition,  satellite  remote  sensing  is  often  complicated  by  a 
number  of  extraneous  variables  such  as  atmospheric 
attenuation,  angles  of  illumination  and  observation,  etc. 
Therefore,  it  seems  to  be  useful  to  conduct  basic  research  at 
close-range,  employing  the  field  spectrometry  technique.  In 
addition,  through  measuring  spectral  signal  in  hundreds  of 
channels,  which  is  featured  in  the  spectrometry,  it  is  possible  to 
elucidate  fundamental  relationships  between  spectral  response 
and  water  quality  conditions.  The  current  research  was  based 
on  close-range  sensing  with  a  spectrometry  instrument. 

Turbidity  of  water  refers  to  the  optical  property  of  waters  that 
causes  light  to  be  scattered  and  absorbed  rather  than 
transmitted  through  the  water.  Therefore,  turbidity  is  directly 
associated  with  the  quantity  and  quality  of  suspended 
particulates  in  water,  e.g.,  algal  solids  and  inorganic  sediments. 
Since  turbidity  is  the  indicator  of  the  clarity  of  water, 
measurement  of  turbidity  appeals  greatly  to  resource  managers. 

As  the  Secchi  disk,  the  more  popular  form  of  turbidity 
measurement,  tends  to  be  subjective,  remote  sensing  has  been 
considered  as  an  alternative  tool  in  measuring  turbidity 
[1][2][3]. 

The  objective  of  this  paper  was  to  investigate  how  to  measure 
turbidity  using  surface  spectral  reflectance. 
0-7803-3068-4/96$5.00©1996  IEEE 


IL  METHODS 

This  research  was  conducted  at  Branched  Oak  Lake,  a  flood 
control  reservoir  and  recreation  area,  located  about  48 
kilometers  northwest  of  Lincoln,  Nebraska  (96°50'56"W  to 
96°547"W  and  40°5772"N  to  40°59'53'T4).  The  total 
uncontrolled  drainage  area  is  154  kilometers^  and  the  water 
area  is  7.2  kilometers^.  Agricultural  activities,  primarily 
cropland  and  pasture,  dominate  land  use  in  the  watershed. 

To  minimize  extraneous  "bottom  reflectance"  and  maximize 
depth,  two  transects  for  data  collection  were  chosen  near 
stream  beds  that  existed  prior  to  impoundment.  The  depth  of 
the  water  along  the  transects  ranged  from  5.5  to  7  meters. 

Spectral  data  collection  and  water  sampling  were  conducted 
from  a  24-foot  (7.3-meter)  pontoon  boat  at  23  sampling  sites, 
selected  randomly  but  roughly  equidistant  from  one  to  the  next 
along  the  two  transects,  on  July  13,  1995.  The  time  for  data 
collection  was  between  10:50  a.m.  to  1:18  p.m.  local  daylight 
saving  time,  during  which  the  sky  remained  clear. 

An  Analytical  Spectral  Devices  (ASD)  FieldSpec-UVAH^lIR 
spectroradiometer  was  used  to  collect  radiance  upwelling  from 
the  water  and  a  Kodak  18%  gray  card  served  as  the  reference 
panel.  Reflectance  (in  percentage)  was  then  calculated  for  each 
measurement  and  used  in  the  analysis.  The  spectroradiometer 
acquires  data  in  512  discrete  channels  ranging  from  350  to 
1050  nm.  For  this  study,  data  from  400  to  900  nm  (353 
channels)  were  used  because  of  significant  noise  in  the  water 
signal  at  wavelengths  outside  this  range.  The  instrument  head 
was  attached  to  a  pipe  that  was  pointed  south  with  the  boat 
oriented  east-west.  The  sensor  was  positioned  over  the  water  at 
a  height  of  2.5  meters.  A  nadir  view  angle  and  10°  FOV  tube 
were  selected  for  use,  resulting  in  an  instantaneous  field  of 
view  of  0.39  m  by  0.39  m  on  the  water  surface.  Five  replicate 
scans  were  taken  for  each  spectral  sampling. 

Water  sampling  was  performed  using  a  Van  Dorn  sampler,  at 
0.5  m  depth  below  the  surface  at  each  site  during  the  spectral 
measurements.  The  turbidity  of  the  water  was  measured  using 
a  Hach  model  21  OOP  Portable  Turbidometer.  The 
measurements  were  in  Nephelometric  Turbidity  Units  (NTUs). 
Three  samples  were  measured  for  each  site  and  the  mean  of  the 
three  was  used  in  the  analysis. 
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III.  RESULTS  AND  DISCUSSION 


10 


The  averaged  spectral  reflectance  curves  over  all  23  sampling 
sites  are  presented  in  Fig.  1.  The  major  characteristic  spectral 
features  associated  with  the  particulates  in  water  were  evident, 
e.g.,  the  low  reflectance  between  400  and  500  nm,  the  high 
reflectance  around  570  nm  from  algal  chlorophyll,  coupled 
with  strong  backscattering  by  inorganic  suspended  sediments, 
the  minimum  reflectance  at  670  nm  caused  by  chlorophyll 
absorption,  and  a  prominent  reflectance  maximum  at  about  700 
nm. 

In  this  study,  overall  reflectance  was  strongly  influenced  by 
wind,  which  generated  so  called  whitecap  effect  [4].  Although 
the  five  replicate  scans  at  each  site  were  taken  in  less  than  60 
seconds,  variations  of  reflectance  were  obvious  and  more 
directly  related  to  wind  speed  than  turbidity.  Figs.  2  and  3 
demonstrate  the  replicate  reflectance  curves  at  two  sampling 
sites.  It  seemed  that  the  overall  reflectance  and  variations 
among  the  replicate  reflectance  increased  as  the  wind  speed 
increased  despite  lower  turbidity  occurred. 

To  investigate  the  relationship  between  spectral  reflectance 
(averaged  from  five  replicates)  and  turbidity  at  each  individual 
wavelength,  a  total  of  353  correlation  coefficients  (r)  between 
reflectance  and  turbidity  were  computed.  The  values  of  r 
ranged  from  0.45  (at  900  nm)  and  0.62  (at  700  nm)  (Fig.  4). 
The  weak  correlations  indicated  that  the  averaged  reflectance  at 


Fig.  1.  Averaged  spectral  reflectance  at  all  23  sampling  sites 


Fig.  2.  Five  replicate  reflectance  curves  at  site  #1 


Fig.  3.  Five  replicate  reflectance  curves  at  site  #13 

an  individual  wavelength  is  not  effective  to  estimate  turbidity 
in  a  water  body.  This  is  consistent  with  earlier  wind  effect 
analogy. 
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Fig.  4  .  Correlation  between  reflectance  and  turbidity 

Instead  of  using  reflectance  at  an  individual  wavelength,  it 
was  found  that  the  difference  between  reflectances  at  710  and 
720  nm  was  highly  correlated  with  turbidity.  Fig.  5  shows  that 
the  correlation  coefficient  between  the  two  parameters  was  as 
high  as  0,95.  The  principle  behind  this  result  may  be  that  the 
gradient  of  reflectance  between  710  and  720  nm  is  more 
independent  to  the  wind  effect,  hence  a  better  indicator  of 
turbidity, 

V.  CONCLUSIONS 

Spectral  measurement  of  water  is  greatly  influenced  by 
external  environmental  factors,  such  as  wind.  Wind-induced 
whitecaps  on  the  surface  of  water  can  cause  higher  overall 
reflectance  and  inconsistency  among  the  replicates.  In 
correlating  the  reflectance  with  turbidity,  averaging  the 
replicate  reflectance  did  not  generate  satisfactory  results  in  this 
study.  Differencing  the  reflectances  between  710  and  720  nm  , 
on  the  other  hand,  seemed  to  be  a  better  solution. 
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Abstract  —  SeaWiFS  and  MERIS  capabilities  for  the 
estimation  of  optically  active  components  in  ocean  waters  are 
analysed  by  means  of  a  semi-theoretical  model  of  ocean 
colour  which  also  takes  account  of  the  chlorophyll 
fluorescence  signal  at  about  685  nm.  The  reflectance  curves 
simulated  with  the  model  over  various  types  of  water  have 
been  integrated  over  the  bands  of  the  two  sensors,  and  a 
regressive  analysis  has  been  used  to  find  the  algorithms  for 
the  retrieval  of  the  three  main  classes  of  optically  active 
components,  and  the  corresponding  correlation  coefficients. 
The  results  show  that  the  availability  of  SeaWiFS  data  will 
give  unprecedented  capabilities  for  the  retrieval  of  optically 
active  parameters  from  satellite  imagery,  especially  over  case 
1  waters.  MERIS  will  have  the  same  potential  in  those 
waters;  moreover,  the  presence  of  two  additional  channels  in 
the  red  region  makes  this  instrument  very  interesting  also  for 
the  parameter  retrieval  over  case  2  waters. 

INTRODUCTION  AND  BACKGROUND 

In  the  next  5  years,  several  ocean  colour  sensors  are 
planned  to  be  put  in  orbit.  This  new  interest  in  ocean  colour 
reflects  the  ever-growing  concern  about  the  mechanisms 
which  regulate  the  absorption  of  carbon  by  the  oceans,  thus 
affecting  the  global  balance  of  this  element  in  the  atmosphere 
and  eventually  the  global  climate.  In  fact,  with  remote 
sensing  of  ocean  colour  it  is  possible  to  estimate  productivity 
through  the  observation  of  phytoplankton  pigments; 
moreover,  it  is  in  principle  possible  to  estimate  the  coloured 
fraction  of  the  dissolved  organic  matter  (‘yellow  substance’), 
which  is  one  of  the  most  important  reservoirs  of  reduced 
carbon. 

The  optically  active  components  or  parameters  which  can 
be  observed  by  remote  sensing  of  ocean  colour  are  usually 
classified  into  three  main  groups  [2]:  pigments  contained  in 
the  phytoplankton  (whose  most  important  is  chlorophyll-a). 
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non-chlorophyllous  particles  including  unpigmented  cells  and 
mineralized  suspended  sediments,  and  yellow  substance. 
Apart  from  the  problems  of  radiometric  and  atmospheric 
corrections  of  remotely  sensed  data  (which  are  not  addressed 
here),  it  seems  interesting  to  study  and  assess  the  potential  of 
the  new  sensors  to  distinguish  among  the  spectral  signatures 
of  the  different  components  on  the  basis  of  their  spectral 
characteristics  alone.  This  work  aims  to  evaluate  two  of  the 
most  important  instruments,  NASA’s  SeaWiFS  (planned  for 
launch  this  year  on  board  the  SeaStar  platform)  and  ESA’s 
MERIS  on  board  ENVISAT-1  which  should  be  available  by 
the  end  of  the  century  [1]. 


METHODOLOGY 

The  approach  which  we  adopt  is  as  follows:  first,  we  use  a 
model  of  ocean  colour  to  simulate  reflectance  spectra  over  a 
large  number  of  values  of  the  optically  active  parameter 
concentrations;  then,  we  integrate  the  reflectance  curves  over 
the  bands  of  the  sensors,  and  finally  we  perform  a  regression 
analysis  to  find  the  algorithms  for  the  concentration  retrieval. 
The  value  of  the  correlation  coefficient  for  an  algorithm  is  a 
measure  of  the  effectiveness  of  that  algorithm  in  estimating 
the  parameter.  Thus,  the  capabilities  of  the  sensor  itself  can 
be  assessed. 

The  model  we  use  was  originally  drawn  from  that 
presented  in  [2]  and  is  of  the  general  form: 

/?(A)  =  /(C,X,T)  (1) 

where  R(A)  is  the  reflectance  just  below  the  sea  surface 
[3],  C  is  the  concentration  of  chlorophyll-a  and 
phaeopigments  in  the  phytoplankton  and  thus  a  measure  of 
phytoplankton  concentration  itself  (mgm”^),  X  is  the 
concentration  of  non-chlorophyllous  particles  expressed  in 
terms  of  their  backscattering  coefficient  at  550  nm  (m”^)  and 
Y  is  the  yellow  substance  absorption  at  440  nm  (m”^). 
Wavelength  A  goes  from  400  to  700  nm  in  steps  of  2  nm. 

The  reflectance  turns  out  to  be  approximately  proportional 
to  the  ratio  of  the  backscattering  and  absorption  coefficients 
of  the  water  body;  these  are  then  expressed  as  the  sum  of  the 
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considered  is: 


partial  contributions  due  to  the  water  itself  and  to  the  three 
groups  of  optically  active  parameters.  We  have  taken  the 
absorption  and  backscattering  of  pure  sea  water  from  [4].  The 
absorption  of  phytoplankton  has  been  modeled  as  in  a  recent 
study  by  Bricaud  et  al.  [5]  to  take  account  of  the  flattening  of 
the  absorption  spectra  with  increasing  C.  The  absorption  due 
to  non-chlorophyllous  particles  has  been  modeled  as  an 
exponential  with  slope  equal  to  -0.011  nm"^  according  to 
[6]  and  specific  absorption  coefficient  at  440  nm  equal  to 
0.042  taken  from  [2].  For  yellow  substance  the  absorption  is 
the  classical  expression  by  Morel  and  Prieur  used  in  [2].  As 
regards  the  backscattering  by  non-chlorophyllous  particles, 
we  have  adopted  a  dependence  as  in  [2],  but  with  a 
backscattering  ratio  of  2%. 

The  backscattering  coefficient  of  phytoplankton  gives  us 
the  opportunity  to  introduce  into  the  model  a  first-order 
parameterization  of  chlorophyll  fluorescence  around  685  nm. 
On  the  basis  of  the  results  by  Ahn  et  al.  [7],  we  have  modeled 
that  coefficient  as  a  constant  baseline  plus  a  narrow  gaussian 
curve  peaked  at  685  nm  and  with  standard  deviation  of  10 
nm.  The  amplitude  of  the  gaussian  is  such  that  the  overall 
peak  of  the  coefficient  is  ten  times  the  baseline.  The 
expression  for  the  constant  baseline  is  taken  from  [8]  and  is: 

V-w- =  0- 002-0. 30  (2) 

in  which  we  assume  a  backscattering  ratio  of  0.2%  for 
phytoplankton  alone  according  to  [9]. 

With  the  model,  we  have  generated  a  large  number  of 
reflectance  curves  extracting  the  input  triplets  at  random. 
Following  [10],  we  have  chosen  a  lognormal  distribution  for 
C,  and  we  have  assumed  a  similar  distribution  for  the  other 
two  parameters  as  well.  We  have  chosen,  somewhat 
arbitrarily,  two  different  sets  (which  are  presented  in  table  1) 
both  for  the  mean  values  ju  and  standard  deviations  a  of  the 
parameter  decimal  logarithms,  and  for  the  correlation  r 
between  log(C)  and  log(X)  and  between  log(C)  and 
log(T).  The  first  set  of  distributions  reproduces  the  values 
which  are  believed  to  be  representative  of  case  1  waters  [3], 
while  the  second  set  is  more  typical  of  a  easel  +  case  2  study. 

For  each  set  we  have  simulated  5000  reflectance  curves 
and,  finally,  they  have  been  integrated  over  the  SeaWiFS  and 
MERIS  bands,  and  the  regression  analysis  performed. 
Although  the  MERIS  has  programmable  band  position  and 
width,  we  have  used  the  standard  values  for  oceanographic 
purposes  drawn  from  [1],  that  is  channels  1-8  in  the  visible 
centered  at  412.5,  442.5,  490,  510,  560,  620,  665,  681.25  nm 
with  10  nm  bandwidth  for  channels  1-7  and  7.5  nm 
bandwidth  for  channel  8. 


RESULTS 

The  most  general  form  of  the  algorithms  which  we  have 


log(OAP)  =  a,  +  Xa,  log(/?,  )  (3) 

where  OAP  indicates  one  of  the  optically  active 
parameters,  R-  is  the  reflectance  in  the  i-th  band  of  the  sensor 
and  log  is  the  decimal  logarithm.  The  common  reflectance 
ratio  algorithms  are  also  encompassed  by  the  above  equation, 
however  it  seems  reasonable  to  use  the  full  spectral 
information  given  by  the  sensors  in  order  to  obtain  the 
maximum  degree  of  accuracy  in  the  parameter  retrieval,  apart 
from  radiometric  consideration  (i.e  the  signal  to  noise  ratio  in 
some  spectral  bands  can  be  low  and  prevent  the  use  of  those 
bands  in  a  practical  case). 

The  results  for  both  the  instruments  and  for  the  first  set  of 
concentration  distributions  are  presented  in  table  2.  The 
extremely  close  to  unity  values  for  the  correlation  coefficient 
r  between  the  logarithms,  and  the  low  values  of  the  RMS 
error  between  the  logarithms  demonstrate  the 

theoretical  effectiveness  of  both  the  instruments  for  a  case  1 
parameter  retrieval.  Reflectance  ratio  algorithms  can  still  be 
regarded  as  a  first  approximation  for  the  estimate  of  C  where 
the  yellow  substance  effects  can  be  neglected.  For  instance, 
we  have  for  SeaWiFS: 

log(C)  =  -0.17-5.581og(/?3/7?4)  (4) 

with  r  = -0.929,  but  those  ratios  generally  appear  to  be 
much  more  correlated  with  a  cumulative  contribution  of 
phytoplankton  and  yellow  substance.  In  fact  we  have: 

log(  C  +  7. 68  r)  =  0. 1 9  -  5. 62  log(  /R^ )  (5) 

with  r  = -0.989.  This  is  in  agreement  with  some  results 
obtained  from  the  previous  versions  of  our  model  [11]  [12] 
[13]  [14]  (note  that  in  those  papers  the  unit  for  yellow 
substance  concentration  G  should  read  gm”'^  instead  of 
mgm"'"^). 

The  results  for  the  case  1  +  case  2  set  of  concentration 
distributions  (set  2)  are  in  table  3.  In  this  case,  the  lower 
correlation  between  the  parameters  and  their  larger  variability 
decrease  the  correlation  coefficient  for  the  SeaWiFS 
phytoplankton  retrieval  to  r  =  0.956.  Although  this  can  still 
be  regarded  as  a  good  value,  it  is  worth  noting  that  simple 
reflectance  ratios  show  higher  r  values  when  regressed 
against  the  cumulative  phytoplankton  and  yellow  substance 
concentration,  for  instance: 

log(C  +  10.35r)  =  1.16-1.321og(/?3//?6)  (6) 

with  r  =  -0.983 .  MERIS  takes  advantage  of  the  presence 
of  two  more  channels  in  the  red,  and  the  value  of  r  for  its 
phytoplankton  algorithm  is  still  very  close  to  unity.  In  a 
practical  case  MERIS  should  also  benefit  from  the  higher 
S/N  ratios  in  the  channels,  so  it  seems  to  be  extremely 
promising  for  a  separate  estimation  of  all  the  three  optically 
active  components  over  case  2  waters. 
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Table  1 .  Concentration  distributions  used 


statistics 

set  1:  case  1 

set  2:  cases  1+2 

/^logC’^logC 

-0.8,  0.3 

-0.4,  0.5 

/^logX»^logX 

-1.2,  0.3 

-0.7,  0.5 

/^logK»<^logK 

-1.6,  0.3 

-1.0,  0.5 

Hog  Clog  X ’  ^og  C log  Y 

0.8,  0.8 

0.6,  0.6 
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Table  2.  Multilinear  algorithms  for  C,  X,  V  estimateof  the  form  (3)  -  Case  1  study  (distribution  set  1) 


sensor 

parameter 

a\ 

«2 

^.3 

«5 

«6 

r 

^RMS 

c 

3.90 

1.75 

3.90 

-23.44 

24.61 

-9.14 

3.27 

0.997 

0.022 

SeaWiFS 

X 

-0.16 

13.40 

-35.88 

59.27 

-49.18 

13.45 

-0.18 

0.997 

0.024 

Y 

-0.90 

-12.02 

18.86 

-21.15 

19.79 

-7.32 

1.53 

0.997 

0.023 

C 

1.81 

5.25 

-10.68 

10.52 

-6.75 

1.18 

5.12 

-8.46 

5.17 

0.999 

0.011 

MERIS 

X 

2.31 

7.03 

-14.95 

15.57 

-9.11 

0.26 

-4.59 

10.25 

-3.86 

0.998 

0.019 

Y 

-2.29 

-7.02 

2.43 

10.52 

-6.80 

-0.78 

8.24 

-11.52 

5.00 

0.999 

0.014 

Table  3.  Multilinear  algorithms  for  C,  X,  Y  estimate  of  the  form  (3)  -  Case  1  +  case  2  study  (distribution  set  2) 


sensor 

parameter 

aQ 

fl, 

ai 

«3 

CE4 

^5 

«6 

ai 

r 

^RMS 

C 

2.64 

14.38 

-20.04 

-0.05 

8.28 

-4.22 

2.35 

0.956 

0.146 

SeaWiFS 

X 

0.35 

7.98 

-23.46 

39.63 

-31.57 

8.49 

-0.00 

0.995 

0.051 

Y 

-1.06 

-10.48 

16.90 

-16.17 

11.00 

-2.44 

0.84 

0.990 

0.069 

C 

0.77 

9.88 

-22.25 

23.62 

-13.11 

0.66 

9.21 

-13.83 

7.07 

0.987 

0.079 

MERIS 

X 

1.01 

7.03 

-17.59 

21.63 

-13.33 

2.44 

0.02 

1.71 

-0.95 

0.996 

0.045 

Y 

-0.81 

-9.77 

14.72 

-14.74 

12.96 

-6.21 

6.98 

-6.46 

2.29 

0.994 

0.055 
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Ahsivaci —  A  numerical  study  of  ocean  backscattering 
for  surfaces  rough  in  two  dimensions  is  presented.  The 
numerical  model  is  based  on  Monte  Carlo  simulation  us¬ 
ing  the  sparse  matrix-fiat  surface  iterative  approach  with 
canconical  grid  (SMFSIA/CAG),  which  is  a  more  efficient 
version  of  the  method  of  moments  that  allows  large  two 
dimensional  surfaces  to  be  treated.  Backscattering  cross 
sections  are  illustrated  for  perfectly  conducting  power  law 
spectrum  ocean  surface  models  at  angles  from  0  to  60  de¬ 
grees  from  normal  incidence.  Variations  with  surface  spec¬ 
trum  low  frequency  cutoff  (ranging  over  spatial  lengths 
from  64A  to  2A)  are  investigated,  and  demonstrate  the 
accuracy  of  the  composite  surface  model. 

1.  INTRODUCTION 

Scattering  from  the  ocean  surface  has  been  of  interest 
since  the  development  and  application  of  radar  in  mar¬ 
itime  environments  in  the  1940’s  [1].  A  combination  of 
the  physical  optics  (PO)  or  geometrical  optics  (GO)  ap¬ 
proximations  with  the  small  perturbation  method  (SPM) 
for  rough  surface  scattering  results  in  the  widely-used 
composite  surface  (or  “two  scale”)  model  [2]- [3]  of  ocean 
backscatter.  Although  the  composite  surface  model  has 
been  successful  in  producing  a  qualitative  agreement  with 
most  available  ocean  scattering  data,  its  basis  remains  a 
heuristic  one,  as  the  required  division  of  the  ocean  surface 
into  a  “small”  and  “long”  scale  remains  an  unclear  pro¬ 
cess.  Selection  of  the  dividing  point  between  these  two 
scales,  known  as  the  “cutoff”  wavenumber  in  the  ocean 
spectrum,  remains  primarily  a  parametric  fit  to  observed 
data. 

Numerically  exact  methods  for  surface  scattering  can 
be  applied  in  a  Monte  Carlo  simulation  to  assess  the  ac¬ 
curacy  of  the  composite  surface  model.  Such  studies  have 
been  performed  in  the  past  [4]- [5],  but  were  limited  to 
surfaces  rough  in  one  dimension  only  due  to  the  large 
computational  requirements  of  two  dimensional  surfaces. 
0-7803-3068-4/96$5.00©1996  IEEE 


A  recently  developed  more  efficient  version  of  the  method 
of  moments,  known  as  the  sparse  matrix-flat  surface  itera¬ 
tive  approach  with  canonical  grid  (SMFSIA/CAG)  [6]-[7], 
is  applied  in  this  paper  which  allows  2-D  surface  ocean 
backscatter  simulations  to  be  performed.  A  Monte  Carlo 
technique  is  used  to  produce  backscattering  predictions 
for  2-D  perfectly  conducting  random  surfaces,  described 
as  Gaussian  stochastic  processes  with  power  law  spectra. 
Comparisons  are  made  with  predictions  of  the  SPM,  both 
analytically  evaluated  and  Monte  Carlo  simulations  of 
PO  predictions,  and  predictions  of  the  composite  surface 
model.  In  particular,  variations  in  backscattered  cross  sec¬ 
tions  with  surface  low  frequency  content  are  investigated 
to  determine  the  “long”  wave  spectral  portion’s  influence 
on  overall  surface  cross  sections, 

2.  NUMERICAL  MODEL  FOR  OCEAN 
SCATTERING 

The  SMFSIA/CAG  for  a  perfectly  conducting  surface  is 
based  on  solution  of  the  magnetic  field  integral  equation 
(MFIE)  through  a  point  matching  method  of  moments, 
as  described  in  reference  [6].  An  iterative  approach  to 
solving  the  MOM  matrix  equation  is  adopted,  in  which 
the  matrix  is  separated  into  the  sum  of  a  sparse  “strong” 
matrix,  which  contains  the  exact  coupling  between  points 
near  to  each  other  on  the  surface,  a  “flat-surface”  matrix 
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which  contains  an  approximation  to  the  coupling  of  points 
outside  the  strong  matrix  region,  and  a  “weak”  matrix, 
which  corrects  the  flat  surface  approximation.  Nested  it¬ 
erations  are  applied,  in  which  a  CG/FFT  iterative  method 
is  used  to  solve  the  strong  plus  flat  surface  matrix,  and  the 
CG/FFT  iterations  are  iterated  to  include  weak  matrix 
corrections,  which  are  calculated  with  the  FFT  through  a 
canonical  grid  expansion  of  weak  matrix  terms.  The  re¬ 
sulting  SMFSIA/CAG  technique  is  order  A  log  A  in  com¬ 
plexity,  allowing  large  problems  to  be  solved. 

The  power  law  surface  model  to  be  investigated  in  this 
paper  is  comprised  of  a  wide  range  of  spatial  scales  ranging 
over  several  orders  of  magnitude  both  larger  and  smaller 
than  the  electromagnetic  wavelength.  Use  of  a  numerical 
simulation  will  inherently  imply  a  low  and  high  frequency 
cutoff  wavenumber  in  the  portion  of  the  ocean  spectrum 
simulated,  since  the  finite  size  of  surfaces  used  limits  their 
low  frequency  content  and  the  non-zero  discretization  size 
used  limits  their  high  frequency  content.  Variations  in 
backscattered  cross  sections  with  spectrum  low  frequency 
content  are  considered  in  this  paper,  since  these  varia¬ 
tions  should  illustrate  any  tilting  effects  due  the  “long” 
wavelength  portion  of  the  spectrum  simulated. 

3.  NUMERICAL  RESULTS 
Simulations  were  performed  for  a  power  law  spectrum  of 

(1) 

for  kdi  <  h  <  kdu  and  ^(k,4>)  =  0  otherwise,  where  ^ 
represents  the  ocean  spectrum  amplitude  in  k  rep¬ 
resents  the  spatial  wavenumber  of  the  ocean  in  rads/ m, 
^  represents  the  azimuthal  angle  of  the  two  dimensional 
spectrum,  and  a^  is  a  specified  constant  of  1.273  x  10  ^ 
which  roughly  corresponds  to  the  overall  amplitude  of 
other  spectrum  models.  Surface  sizes  of  64  by  64  wave¬ 
lengths  were  used,  giving  524,  288  unknowns  in  the  SMF¬ 
SIA/CAG  solution  for  each  realization,  and  a  tapered 
beam  incident  field  was  used  to  reduce  any  edge  effects. 
The  large  number  of  unknowns  in  this  simulation  required 
weak  matrix  contributions  to  be  neglected  in  the  SMF¬ 
SIA/CAG  technique,  with  a  resulting  error  of  approxi¬ 
mately  1  dB  in  calculated  cross  sections.  Results  were 
generated  for  low  frequency  cutoff  wavenumbers  varying 
from  146.6  (2A)  down  to  4.58  (64A),  all  with  a  high  fre¬ 
quency  cutoff  of  586.4  (A/2).  Rms  heights  <j  of  the  sim¬ 
ulated  surfaces  range  from  0.02  to  0.64  electromagnetic 
wavelengths.  A  minimum  of  twenty  surface  realizations 
were  averaged  for  each  angle,  with  simulations  of  indepen¬ 
dent  sets  of  twenty  surface  profiles  showing  convergence 
to  within  1.5  dB.  While  a  larger  number  of  realizations  is 
desirable  to  reduce  this  uncertainty,  computational  limi¬ 
tations  prohibited  further  simulations,  so  that  a  final  ac¬ 
curacy  of  approximately  2.5  dB  results  for  this  study. 


Figure  1:  Cutoff  wavenumber  kdi  —  18.3,  kem^  =  1-0 
Comparison  of  MOM  and  SPM  backscattering  predictions 

Figure  1  illustrates  SMFSIA/CAG  results  for  backscat¬ 
tered  cross  sections  from  surfaces  with  a  low  frequency 
cutoff  wavenumber  of  kdi  —  18.3,  corresponding  to  a  kemCr 
product  of  1.0,  where  k^rn  is  the  electromagnetic  wavenum¬ 
ber.  Predictions  are  compared  with  those  of  the  SPM 
alone,  with  no  composite  surface  model  tilting  effects  in¬ 
cluded.  This  figure  demonstrates  that  SPM  predictions 
remain  relatively  accurate  even  in  this  larger  kemO‘  prod¬ 
uct  case.  Similar  results  were  observed  for  all  of  low  fre¬ 
quency  cutoff  cases  simulated,  with  a  cutoff  effect  occur- 
ing  at  angles  for  which  the  Bragg  wavenumber  was  cutoff 
from  the  surface  spectrum.  In  addition,  comparisons  were 
made  with  numerically  evaluated  PO  integral  predictions, 
which  were  found  to  be  accurate  within  20  degrees  of  nor¬ 
mal  incidence  for  all  the  surface  statistics  considered. 

The  results  of  the  study  indicate  that  SPM  predictions 
indeed  remain  qualitatively  accurate  for  incidence  angles 
larger  than  20  degrees  as  surface  rms  heights  are  increased 
beyond  regions  where  SPM  predictions  are  expected  to 
hold.  In  addition,  physical  optics  predictions  are  observed 
to  be  accurate  for  incidence  angles  less  than  20  degrees 
regardless  of  surface  rms  height.  Both  of  these  results 
favor  general  assumptions  of  the  composite  surface  model. 
More  speciflc  aspects  are  considered  in  the  next  section. 

4.  COMPARISON  WITH  COMPOSITE 
MODEL 

Although  the  theoretical  basis  of  the  composite  surface 
model  has  been  somewhat  justified  by  the  comparisons 
of  the  previous  section,  a  more  detailed  comparison  with 
composite  surface  model  predictions  allows  further  insight 
into  the  choice  of  cutoff  wavenumber  inherent  in  the  model. 
For  incidence  angles  greater  than  20  degrees,  results  show 
very  little  variation  in  vv^  larger  variations  in  hh,  and  the 
largest  variation  in  hv  cross  sections  as  surface  spectrum 
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low  frequency  content  is  increased.  Variations  in  both  vv 
and  hh  cross  sections  are  small  enough  to  make  their  dis¬ 
tinction  from  the  2.5  dB  model  uncertainty  difficult,  but 
variations  in  hh  are  clearly  larger  than  their  vv  counter¬ 
parts. 

Given  the  success  of  the  physical  optics  approximation 
in  matching  numerical  results  up  to  20  degrees,  the  pri¬ 
mary  issue  in  the  0  to  30  degree  region  concerns  the  ac¬ 
curacy  of  the  GO  approximation,  which  is  required  for 
non-power  law  spectra  due  to  the  difficulty  in  evaluat¬ 
ing  the  full  PO  integral.  Figure  2  presents  the  compar¬ 
ison  between  GO  and  PO  results  using  a  cutoff  spatial 
wavenumber  of  Kd  =  h/2  above  which  contributions  to 
surface  slope  are  neglected  in  defining  the  total  surface 
slope  for  the  GO  predictions.  The  choice  of  Kd  is  seen  to 
produce  a  very  good  comparison  with  PO  predictions  up 
to  approximately  20  degrees  for  the  rough  surfaces  sim¬ 
ulated.  Alternate  choices  of  Kd  were  found  to  produce 
inferior  results,  so  a  choice  of  Kd  =  k/2  seems  optimal 
for  backscattering  predictions  from  a  perfectly  conduct¬ 
ing  power  law  surface.  This  choice  is  in  agreement  with 

[5],  and  results  in  a  product  of  0.126  for  the  small 

scale  portion  of  the  spectrum  above  the  cutoff  wavenum¬ 
ber  Kd. 

Comparisons  between  method  of  moments  results  and 
composite  surface  model  predictions  for  incidence  angles 
between  30  and  60  degrees  are  shown  in  Figure  3  for  three 
of  the  simulated  surfaces.  Also  included  is  the  correspond¬ 
ing  untilted  SPM  result.  A  slight  underestimation  of  vv 
cross  sections  by  the  numerical  model  is  observed  at  higher 
incidence  angles.  However,  the  small  variations  in  vv  re¬ 
sults  with  increases  in  surface  slope  agree  well  with  the 
composite  surface  model.  The  magnitude  of  hh  variations 
also  agree  well  with  the  composite  surface  model,  although 
again  these  variations  are  small  enough  to  make  an  thor¬ 
ough  quantitative  assessment  difficult.  Overall,  however, 
the  composite  surface  model  is  qualitatively  validated  by 
these  comparisons. 
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